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ABSTRACT 


The  manipulation  of  intracellular  cAMP  content  in  mal¬ 
ignant  cells  is  of  special  interest  in  view  of  the  current  hypo¬ 
thesis  that  a  relationship  exists  between  this  cyclic  nucleotide 
and  parameters  of  cellular  growth  and  differentiation.  The  present 
work  was  thus  concerned  with  the  elucidation  of  the  mechanisms  which 
regulate  the  cAMP  content  of  Ehrlich  ascites  tumour  cells  incubated 
in  vitro  or  grown  intraperi toneal ly  in  mice  after  epinephrine  or 
prostaglandin  Ei.  In  particular,  the  time  course  of  the  elevation 
of  cAMP  in  Ehrlich  cells  incubated  in  vitro  was  followed  after  the 
addition  of  these  hormones. 

The  cAMP  content  was  significantly  elevated  in  Ehrlich 
cells  within  10  sec  after  the  addition  of  epinephrine  (10  M). 

Peak  cAMP  levels  were  reached  at  about  1  min  and  a  pronounced  sub¬ 
sequent  decline  of  cAMP  was  then  observed  despite  the  continued 
presence  of  hormone.  A  similar  time  course  was  observed  after  add¬ 
ition  of  prostaglandin  Ei.  This  pattern  of  cAMP  elevation  and  de¬ 
cline  after  hormonal  stimulation  has  been  reported  in  other  cell  or 
tissue  slice  systems  as  well.  The  major  goal  of  the  present  work 
was  to  provide  an  explanation  for  the  abrupt  secondary  decline  of 
cAMP  in  Ehrlich  cells  despite  the  continued  presence  of  hormone. 

The  time  course  of  the  elevation  of  cAMP  content  in  Ehrlich 
cells  after  addition  of  epinephrine  was  studied  in  vitro  in  the  pre¬ 
sence  of  theophylline  (1  mM);  the  phosphodiesterase  inhibitor  greatly 
enhanced  the  response  to  epinephrine  throughout  the  entire  time 
course.  However,  qualitative  aspects  of  the  response  were  the  same 
in  the  presence  and  absence  of  theophylline,  suggesting  that  the 
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mechanism  of  the  secondary  decline  did  not  involve  the  regulation 
of  cAMP  degradation  by  a  theophylline-sensitive  phosphodiesterase. 

Leakage  of  cAMP  into  the  extracellular  medium  could  not 
be  demonstrated  within  periods  up  to  120  min  after  addition  of  epi¬ 
nephrine.  The  observed  time  course  was  not  peculiar  to  the  stan¬ 
dard  incubation  medium  employed  since  the  response  to  epinephrine 
of  Ehrlich  cells  suspended  in  freshly  prepared  ascites  fluid  was 
virtual ly  identical  . 

Further  addition  of  epinephrine  during  the  secondary 
phase  of  decline  of  cAMP  content  in  epinephrine-stimulated  cells 
(10- 6  M,  10  min)  had  little  effect  on  the  declining  levels  of  cAMP. 
Hence,  extracellular  breakdown  of  hormone  cannot  account  for  the 
observed  decline  of  cAMP.  Furthermore,  incubation  medium  from 
hormone-treated  cell  suspensions  retained  the  ability  to  elevate 
cAMP  content  maximally  when  added  to  freshly  isolated  Ehrlich  cells. 
Therefore,  no  inhibitory  activity  was  associated  with  the  extracell¬ 
ular  medium  and  the  hormone  was  still  present  and  active. 

Propranolol  (10-5  M)  added  to  cellular  suspensions  in¬ 
cubated  for  10  min  in  the  presence  of  10"6  M  epinephrine  caused 
cAMP  content  to  fall  more  rapidly.  Propranolol  alone  at  the  same 
concentration  did  not  affect  resting  cAMP  content.  Therefore,  aden¬ 
ylate  cyclase  was  still  epinephrine-stimulated  during  the  time  when 
cAMP  levels  were  falling.  This  is  also  evident  from  the  fact  that 
cAMP  rose  sharply  upon  addition  of  theophylline  to  cells  preincu¬ 
bated  with  epinephrine.  The  addition  of  theophylline  (1  mM)  at  var¬ 
ious  times  to  cells  incubating  in  the  presence  of  epinephrine  (1CT6  M) 
indicated  that  the  magnitude  of  the  abrupt  rise  of  cAMP  continually 
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decreased  with  time.  It  was  concluded  that  either  cAMP  degradation 
became  increasingly  dependent  on  a  phosphodiesterase  resistant  to 
inhibition  by  theophylline  or  the  level  of  adenylate  cyclase  activity 
in  the  presence  of  hormone  decreased  with  time. 

Ehrlich  cells  incubated  in  the  presence  of  10~6  M  epine- 
ephrine  for  10  to  60  min  and  subsequently  washed  and  resuspended  in 
fresh  medium  were  partially  refractory  to  the  effects  of  a  second 
treatment  with  the  same  hormone.  This  phenomenon,  namely  a  partial 
ref ractoriness  to  epinephrine  was  time-dependent  and  appeared  to  be 
initiated  when  cAMP  was  raised  at  least  three  fold  above  basal  levels. 

Adenylate  cyclase  prepared  from  cells  incubated  in  vitro 
for  10  min  in  the  presence  of  10-6  M  and  10"5  M  epinephrine  displayed 
approximately  50%  and  60%  inhibition  of  epinephrine-stimulated  activ¬ 
ity,  respectively,  compared  to  cyclase  from  cells  incubated  in  the 
absence  of  epinephrine.  Basal  and  NaF-stimul ated  activities  were 
essentially  unaffected  as  a  result  of  pretreating  cells  with  epine¬ 
phrine.  It  is  suggested  that  a  hormone  or  cAMP-induced  alteration 
of  the  adenylate  cyclase  system  itself  results  in  a  lack  of  sensitiv¬ 
ity  to  the  effects  of  epinephrine,  and  that  this  alteration  is  the 
cause  of  the  early  phase  of  decline  of  cAMP  levels  in  intact  cells. 

A  model  is  proposed  which  suggests  that  a  cAMP-dependent,  perhaps 
membrane-bound,  protein  kinase  catalyses  the  phosphoryl ation  of  a 
component  of  adenylate  cyclase,  thus  rendering  it  refractory  to  hor¬ 
monal  stimulation. 

Epinephrine  alone  or  in  combination  with  theophylline  sim¬ 
ilarly  elevated  cAMP  content  in  Ehrlich  cells  growing  i ntraperi ton- 
eally  in  mice.  The  early  events  in  the  time  course  of  cAMP  elevation 
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following  epinephrine  in  vivo  were  similar  to  those  observed  in 
vitro.  However,  the  effects  of  the  drugs  on  c AMP  content  in  Ehrlich 
cells  in  vivo  were  of  shorter  duration  than  those  observed  in  vitro. 
It  is  likely  that  redistribution  and  metabolism  of  the  drugs  by  the 
animals  were  responsible  for  this  difference. 
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1.  INTRODUCTION 


1 . 1  General 

Adenosine-3 1 ,5 ' -cycl i c  monophosphate  (cAMP)  has  been  shown 
to  inhibit  the  growth  of  many  neoplastic  mammalian  cell  lines  in  cul¬ 
ture  (Ryan  and  Heidrick,  1968;  Heidrick  and  Ryan,  1970;  Heidrick  and 
Ryan,  1971;  Otten  et  al.  ,  1971;  Johnson  et  al.  ,  1972;  Prasad  and  Shep¬ 
pard,  1972;  Smets,  1972;  Wijk  et  al.  .  1972;  Teel  and  Hall,  1973;  Nag- 
yvary  et  al.  ,  1973).  Present  evidence  from  studies  performed  in  tis¬ 
sue  culture  suggests  that  cAMP  may  play  a  regulatory  role  in  the  com¬ 
plex  mechanisms  which  control  cellular  growth.  The  presence  of  cAMP 
or  agents  which  increase  intracellular  cAMP  in  the  culture  medium  of 
malignant  cells  causes  an  apparent  phenotypic  reversion  to  normal 
character!- sties  as  evidenced  by  a  restoration  of  normal  morphology 
and  contact  inhibition  of  growth  and  movement.  Furthermore,  malig¬ 
nant  cells  treated  in  culture  for  periods  of  days  with  cAMP  or  its 
derivatives  display  much  suppressed  tumourigeni ci ty  when  implanted 
into  acceptable  hosts  (Reddi  and  Constanti nides ,  1  972;  Smith  and 
Handler,  1973).  However,  the  effect  of  increased  cAMP  content  in 
malignant  cells  in  vivo  is  poorly  defined.  Studies  exploring  the 
carci nostatic  action  of  cAMP  in  vivo  are  few  in  number  (Gericke  and 
Chandra,  1969;  Keller,  1972;  Seller  and  Benson,  1973)  and  are  comp¬ 
licated  by  a  possible  regulatory  function  of  cAMP  at  the  level  of  the 
immunological  response  of  a  host  to  an  implanted  tumour  (MacManus  and 
Whitfield,  1969;  Leahy  et  al.  ,  1970;  Rigby,  1972).  Furthermore,  treat¬ 
ment  schedules  to  date  have  been  assigned  randomly  with  little  or  no 
knowledge  of  the  effects  of  such  treatment  on  intracellular  cAMP 


levels  or  other  parameters. 

In  view  of  our  laboratory's  interest  in  the  possibility 
that  the  rate  of  growth  of  tumours  in  vivo  can  be  affected  by  man¬ 
ipulation  of  their  cAMP  content,  it  became  imperative  to  first  in¬ 
vestigate  the  factors  which  regulate  the  intracellular  levels  of  the 
cyclic  nucleotide.  The  selective  use  of  hormones  offers  a  direct, 
physiological  means  to  elevate  cAMP  levels  in  a  given  normal  or  trans¬ 
formed  cell  type.  As  a  model  system,  we  have  chosen  the  Ehrlich  as¬ 
cites  tumour  cell.  This  cell  line  can  be  routinely  grown  intraperi- 
toneally  in  mice;  thus,  the  tumour  cells  can  be  subjected  to  selec¬ 
tive  drug  treatments  with  a  minimum  of  interference  by  the  host. 

The  adenylate  cyclase  system  from  Ehrlich  cells  has  been 
previously  studied  and  characterized  in  this  laboratory;  epinephrine 
and  prostaglandin  Ei  were  found  to  stimulate  its  activity  (Bar  and 
Henderson,  1972).  Accordingly,  at  the  onset  of  the  present  thesis, 
we  planned  to  study  the  dose  relationships  and  time  functions  of  the 
effects  of  these  hormones  on  cAMP  levels  in  intact  Ehrlich  cells  in 
the  hope  of  devising  a  rational  approach  to  the  manipulation  of  intra¬ 
cellular  cAMP  content  and  secondly  of  tumour  growth  parameters  in 
vivo . 

In  the  course  of  initial  studies  we  became  aware  of  a  very 
intriguing  phenomenon.  Following  the  addition  of  epinephrine  to  Ehr¬ 
lich  cells  incubated  in  vitro ,  cAMP  content  was  very  significantly 
elevated  within  10  sec  and  reached  a  peak  level  at  about  1  min.  There¬ 
after,  an  abrupt  decline  of  cAMP  content  was  initiated  despite  the 
continued  presence  of  hormone.  In  view  of  the  importance  of  this  very 
early  decline  of  cAMP  in  the  proposed  studies  on  the  carci nostatic 


function  of  the  cyclic  nucleotide,  our  efforts  were  thereafter  divert¬ 
ed  toward  the  elucidation  of  the  mechanisms  involved  in  the  establish¬ 
ment  of  the  secondary  decline  of  cAMP  in  Ehrlich  cells.  This  study 
constitutes  the  core  of  the  present  thesis.  Additional  but  incom¬ 
plete  investigations  on  the  growth  of  Ehrlich  cells  in  mice  are  in¬ 
cluded  as  an  appendix. 


1.2  The  control  of  cAMP  'levels  in  cells 

The  cAMP  content  within  a  biological  system  can  be  manipula¬ 
ted  at  the  level  of  its  synthesis  from  ATP  catalysed  by  the  adenylate 
cyclase  system  or  at  the  level  of  its  breakdown  to  AMP  catalysed  by 
cyclic  nucleotide  phosphodiesterase.  This  section  will  also  dis¬ 
cuss  evidence  supporting  subcellular  compartmental i zation  of  adenine 
nucleotides  and  its  significance.  Finally,  the  role  of  cAMP-depen- 
dent  protein  kinases  will  be  discussed  briefly. 

1.2.1  Adenylate  cyclase 

The  existence  of  adenylate  cyclase  has  been  demonstra¬ 
ted  in  a  very  large  number  of  cells  and  tissues  including  many 
lower  forms.  The  enzyme  is  associated  with  the  cell  membrane  and  the 
active  catalytic  site  is  located  on  the  inside  of  the  membrane  (Trams 
and  Lauter,  1974). 

Although  the  rate  of  synthesis  of  cAMP  by  a  given  cell 
or  tissue  can  be  changed  by  a  large  number  of  external  factors,  hor¬ 
monal  influence  has  certainly  been  the  major  focus  of  attention.  It 
is  clear  that  the  receptors  with  which  many  hormones  combine  to  effect 
a  response  are  in  close  association  to,  or  an  integral  part  of,  the 


adenylate  cyclase  system.  The  result  of  such  hormone-receptor  inter¬ 
actions  are  a  decrease  or  increase  of  intracellular  cAMP  levels,  de¬ 
pending  on  whether  adenylate  cyclase  is  inhibited  or  stimulated.  The 
specificity  of  agents  which  influence  adenylate  cyclase  prepared  from 
a  given  tissue  provides  the  basis  for  the  selective  physiological 
and  pharmacological  effects  of  many  hormones  and  drugs.  The  protein 
components  of  adenylate  cyclase  which  perform  regulatory  and  catalytic 
functions  are  presumably  associated  in  a  complex,  incompletely  under¬ 
stood  fashion  within  the  structure  of  the  cell  membrane. 

1.2.2  Cyclic  nucleotide  phosphodiesterase 

Cyclic  nucleotide  phosphodiesterase  has  been  demonstrated 
in  a  large  number  of  tissues  (Butcher  and  Sutherland,  1962).  How¬ 
ever,  detailed  studies  of  this  enzyme  have  been  performed  only  re¬ 
cently.  It  has  now  been  demonstrated  that  at  least  two  different 
forms  of  cAMP-specific  phosphodiesterases  exist  with  low  (1  piM)  and 
high  (0.1  mM)  Km  values  in  crude  brain  fractions  (Brooker  et  al.  ,  1968) 
and  fat  cells  (Murad  et  al.  ,  1970).  The  low  Km  activity  may  be  of 
major  importance  in  the  regulation  of  basal  and  stimulated  cAMP  con¬ 
tent  in  vivo.  Similarly,  multiple  forms  of  phosphodi esterase  activ¬ 
ity  separable  by  electrophoresis,  gel  filtration  or  distinguishable 
by  differing  kinetic  parameters  have  been  demonstrated  in  many  other 
tissues  (Ryan  and  Heidrick,  1974).  Furthermore,  phosphodiesterase 
activity  in  brain  homogenates  has  been  found  in  both  particulate  and 
soluble  fractions,  the  low  Km  enzyme  being  in  the  soluble  fraction 
(De  Robertis  et  al.  ,  1967). 

The  cAMP  content  of  a  biological  system  can  be  manipulated 
via  inhibition  or  stimulation  of  phosphodiesterase.  The  methyl xanthi - 


nes,  namely  theophylline  and  caffeine,  are  potent  inhibitors  of  phos¬ 
phodiesterase  (Butcher  and  Sutherland,  1962);  imidazole,  on  the  other 
hand,  stimulates  the  enzyme  (Cheung,  1967).  Unfortunately ,  these  ag¬ 
ents  are  not  specific  and  may  have  other  actions  possibly  unrelated 
to  the  cAMP  system. 

1.2.3  CompaTtmentaUzation  of  adenine  nucleotides 

Relatively  recent  studies  have  suggested  that  adenine  nu¬ 
cleotide  compartmental i zation  may  be  yet  another  factor  involved  in 
the  regulation  of  cAMP  synthesis  and  subcellular  distribution.  Expe¬ 
riments  subjecting  tissues  or  cells  to  labelled  adenine  nucleotide 
precursors  have  indicated  that  cAMP  is  derived  from  specific  nucleo¬ 
tide  pools  which  exhibit  turnover  rates  different  from  those  of  bulk 
cellular  ATP.  In  particular,  Shimizu  et  al.  (1970)  have  shown  that 
in  guinea  pig  cerebral  cortical  slices  cAMP  is  derived  from  a  pre¬ 
cursor  pool  of  adenine  nucleotide  which  is  labelled  with  14C-adenine 
more  rapidly  than  the  bulk  cellular  ATP.  Incubation  with  14C-adeno- 
sine  labelled  these  cAMP-specif ic  precursor  pools  less  selectively 
(  Shimizu  et  al.  ,  1970a).  Other  evidence  was  obtained  from  rat  leg 
muscle  cell  cultures  which  were  double  labelled  by  the  addition  of 
14C-adenine  and  3 2P-i norganic  phosphate  to  the  culture  medium  (Repor¬ 
ter,  1972).  Whereas  the  specific  activity  of  the  isolated  14C-cAMP 
was  similar  to  that  of  the  bulk  cellular  14C-ATP  at  equilibrium,  the 
specific  activity  of  32P  from  cAMP  was  10  fold  greater  than  that  from 
bulk  cellular  ATP  after  15  min.  The  author  suggests  that  a  specific 
ATP  pool  with  rapid  turnover  within  the  cell  membrane  provides  the 
necessary  substrate  for  cAMP  synthesis.  That  model  is  further  suppor¬ 
ted  by  the  fact  that  the  specific  activity  of  32P  in  cAMP  was  increa- 


sed  threefold  after  modification  of  the  plasma  membrane  by  lysole- 
cithin.  The  latter  treatment  did  not  affect  the  specific  activity 
of  total  cellular  32P-ATP. 

It  is  conceivable  that  these  specific  ATP  pools  which  ser¬ 
ve  as  substrate  for  adenylate  cyclase  could  provide  yet  another  level 
of  regulation  of  intracellular  cAMP  content.  No  detailed  information 
is  presently  available  on  the  amount  of  ATP  immediately  available 
for  cAMP  synthesis.  Are  these  ATP  pools  specific  for  cAMP  synthesis 
depleted  readily?  It  is  known  that  concentrations  of  adenine  nucleo¬ 
tides  decrease  markedly  in  rat  glial  cells  following  repeated  stimu¬ 
lation  with  norepinephrine(Schul tz  et  al .  ,  1972).  Can  depletion  of 
these  specific  ATP  pools  play  a  physiological  role  via  alteration 
of  cAMP  content?  It  is  possible  that  some  extracellular  influences 
affect  the  amount  of  ATP  available  for  cAMP  synthesis  and  thus  the 
total  cellular  cAMP. 

In  view  of  the  suggested  existence  of  adenine  nucleotide 
pools  specific  for  cAMP  formation,  we  can  expand  to  a  concept  involv¬ 
ing  specific  cAMP  pools.  Actual  physical  subcellular  barriers  to 
confine  the  cyclic  nucleotide  need  not  exist  for  compartmental i za- 
tion  since  specific  binding  to  macromol ecul ar  species,  proteins  in 
particular,  could  perform  this  function.  It  is  known  that  the  Km 
for  the  association  of  cAMP  to  the  regulatory  unit  of  protein  kinase 
is  approximately  10“BM  (Walton  and  Garren,  1970).  Hence,  much  of  the 
total  cellular  cAMP  could  be  associated  with  binding  protein.  A 
heterogeneous  subcellular  distribution  of  protein  kinase  could  thus 
effect  the  compartmental ization  of  cAMP  itself.  In  this  associated 
form,  cAMP  would  be  protected  from  breakdown  by  phosphodiesterase. 
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Begging  for  further  experimentation,  this  area  provides  many  interes¬ 
ting  starting  points  for  projects  intended  to  explore  the  existence 
of  specific  adenine  nucleotide  pools  and  their  significance  in  bio¬ 
chemical  regulation. 

1.2.4  c AMP -dependent  protein  kinases 

The  recent  discovery  of  protein  kinases  stimulated  by  cAMP 
in  various  tissues  has  suggested  that  the  effects  of  cAMP  in  cells 
might  result  from  protein  kinase  activity.  Many  kinases  which  cata¬ 
lyse  the  phosphorylation  of  casein,  protamine  or  histone  by  ATP  are 
activated  by  physiological  concentrations  of  cAMP  (Kuo  and  Greengard, 
1969  and  1970).  It  is  clear  at  present  that  protein  kinases  which 
are  activated  by  cAMP  are  composed  of  regulatory  and  catalytic  sub¬ 
units.  The  regulatory  subunit  tends  to  inhibit  the  activity  of  the 
catalytic  subunit.  By  a  physical  association  with  the  regulatory 
subunit,  cAMP  effects  the  dissociation  of  the  catalytic  and  regulato¬ 
ry  subunits,  thus  removing  the  inhibitory  force  on  the  former  (Gill 
and  Garren,  1970;  Reimann  et  al .,  1971).  The  ability  of  the  regula¬ 
tory  subunit  to  selectively  bind  cAMP  has  been  employed  by  Gilman 
(1970)  as  the  basis  for  an  assay  for  cAMP.  That  method  was  emplo¬ 
yed  in  the  present  study  and  will  be  described  in  detail  under  Methods. 

1.3  Some  tissue  or  cell  responses  to  hormonal  treatment 

Common  observations  from  the  time  functions  of  hormone- 
dependent  increases  of  cAMP  levels  in  intact  tissues  in  vitro  are 
a  quick  rise  of  cAMP  content  toward  a  short  lived  maximum,  followed 
by  a  secondary  decline  of  variable  duration  toward  basal  levels  des¬ 
pite  the  continued  presence  of  hormone.  Such  time  functions  have  been 


described  for  example  in  fat  cells  after  epinephrine  (Manganiello 
et  al.,  1971),  in  perfused  rat  heart  after  epinephrine  (Robison  et 
al.,  1965),  in  slices  of  rabbit  cerebellum  (Kakiuchi  and  Rail,  1968) 
and  in  diaphragm  muscle  after  epinephrine  (Craig  et  al.  ,  1969),  in 
guinea  pig  cerebral  cortical  slices  after  histamine  treatment  (Schul¬ 
tz  and  Daly,  1973)  and  in  liver  slices  after  epinephrine  (Sutherland 
et  al .  ,  1965).  However,  to  the  author's  knowledge,  the  mechanism  of 
the  secondary  decline  has  been  elucidated  conclusively  in  only  one 
system  while  work  on  two  other  cell  types  provide  possible  mecha¬ 
nisms  for  this  phenomenon.  These  are  discussed  below. 

Manganiello  et  al .  (1971)  have  demonstrated  that  the  effect 
of  epinephrine  on  cAMP  content  in  fat  cells  is  transient.  Following 
the  addition  of  hormone,  cAMP  content  is  elevated  and  reaches  a  peak 
at  approximately  4  min.  However,  by  10  min,  cAMP  content  has  decli¬ 
ned  to  near  resting  levels  despite  the  continued  presence  of  hormone. 
The  addition  of  propranolol  to  fat  cells  during  the  phase  of  decline 
caused  cAMP  content  to  fall  more  rapidly  than  in  the  presence  of  hor¬ 
mone  alone.  Since  propranolol  alone  had  no  effect  on  cAMP  levels, 
the  authors  suggest  that  fat  cell  adenylate  cyclase  was  still  epine¬ 
phrine-stimulated  during  the  phase  of  decline.  Furthermore,  a  second 
addition  of  epinephrine  during  the  phase  of  decline  neither  elevated 
nor  prevented  the  further  decline  of  cAMP  levels.  Therefore,  break¬ 
down  of  hormone  does  not  account  for  the  intriguing  fall  of  cAMP  con¬ 
tent. 

Further  experiments  revealed  that  stimulated  fat  cells 
which  were  washed  and  resuspended  in  fresh  medium  gained  normal 
sensitivity  to  hormone.  These  experiments  and  those  of  Flo  and  Su- 
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therland  (1971)  suggested  the  association  of  a  hormone  antagonist 
with  the  incubation  medium  of  fat  cells.  The  latter  reported  the 
inhibitor  released  was  equivalent  to  nonamolar  concentrations  of 
prostaglandin  Ei  but,  unlike  this  hormone,  did  not  increase  cAMP  lev¬ 
els  in  spleen  slices.  More  recently,  Schwabe  et  al.  (1973)  have 
conclusively  demonstrated  the  hormone  antagonist  released  into  the 
incubation  medium  of  fat  cells  to  be  adenosine.  It  is  not  clear 
whether  the  release  and  hormone  antagonism  of  this  nucleoside  is 
of  any  physiological  significance  or  simply  an  artifact  of  the  expe¬ 
rimental  situation  in  vitro. 

In  contrast  to  the  fat  cell  system,  human  diploid  fibro¬ 
blasts  pretreated  with  isoprenaline  or  prostaglandin  Ei ,  hormones 
which  increase  cAMP  content  in  this  system,  display  a  striking  de¬ 
sensitization  to  the  effects  of  the  same  hormone  on  cAMP  levels 
when  rinsed  and  resuspended  in  fresh  medium  (Franklin  and  Foster, 
1973).  Interestingly,  the  desensitization  induced  by  these  hor¬ 
mones  is  specific;  that  is,  cells  pretreated  with  isoprenaline  conti¬ 
nue  to  respond  normally  to  prostaglandin  Ei  and  vice  versa. 

Accordingly,  adenylate  cyclase  prepared  from  peritoneal 
macrophages  previously  treated  in  culture  with  epinephrine  or 
prostaglandin  E2  exhibited  a  greatly  reduced  response  to  the  same  hor¬ 
mone  used  in  the  pretreatment  (Remol d-0 1 Donnel 1 ,  1974).  Hence,  pre¬ 
incubation  of  macrophages  with  epinephrine  greatly  reduced  the  sub¬ 
sequent  response  of  broken  cell  adenylate  cyclase  to  epinephrine  but 
basal,  NaF-  and  prostaglandin  E2-stimul ated  activities  remained  unch¬ 
anged.  Similarly,  pretreatment  of  macrophages  with  prostaglandin  E2 


specifically  reduced  the  subsequent  response  of  adenylate  cyclase 
to  prostaglandin  E2  but  not  to  epinephrine.  Hence,  a  hormone-indu¬ 
ced  desensitization  of  adenylate  cyclase  has  been  shown  in  this  sys¬ 
tem.  Such  a  mechanism  could  materialize  many  of  the  yet  unexplained 
secondary  declines  of  cAMP  levels  in  tissues  or  cells  subjected  to 
hormones  which  stimulate  the  respective  adenylate  cyclases. 

Similarly,  a  hormone-dependent  desensitization  of  adenyla¬ 
te  cyclase  to  hormone  is  described  in  Ehrlich  cells  in  the  present 
work.  However,  the  author  was  not  aware  of  the  similar  phenomenon 
shown  previously  in  macrophages  (Remol d-0 1  Donnell  ,  1974)  when  he 
undertook  experiments  to  explore  a  possible  effect  of  hormonal 
treatment  directly  on  the  adenylate  cyclase  system.  However, 
the  positive  results  that  we  obtained  from  such  experimentation 
were  found  to  have  been  reported  in  the  literature  for  the  macro¬ 
phage  system  only  a  few  months  earlier. 
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2.  METHODS 


2.1  Tritiated  cAMP  solution 

Adenosine-3H(G)3' ,5 ' -cycl ic  monophosphate  (24  Ci/mmole) 
was  purchased  from  New  England  Nuclear.  The  radiochemical  compound 
was  contained  in  a  50%  aqueous  ethanol  solution.  That  solution  will 
hereafter  be  referred  to  as  the  stock  cAMP  solution.  The  stock  sol¬ 
ution  was  stored  at  -20°C. 

The  purity  of  the  labelled  cAMP  was  assessed  by  paper 
chromatography ;  0.25  yCi  of  3H-cAMP  was  spotted  on  Whatman  #1  chrom¬ 
atography  paper  together  with  the  appropriate  markers.  The  paper 
chromatogram  was  developed  with  1  N  ammonium  acetate,  pH  7:  95% 
ethanol  (30:75).  The  3H-cAMP  lane  was  cut  into  3-4  cm  strips.  Each 
strip  was  eluted  with  distilled  water  and  the  aqueous  eluates  were 
counted  in  Aquasol  scintillation  cocktail  (New  England  Nuclear). 
Figure  1  shows  that  most  of  the  radioactivity  was  located  in  one 
spot  coincident  with  cAMP.  By  that  method,  87%  of  the  radioactivity 
was  recovered  in  the  cAMP  spot;  6.5%  was  associated  with  the  spot 
corresponding  to  adenosine  and  inosine. 


2.2  Propagation  of  Ehrlich  ascites  cells 

Ehrlich  ascites  tumour  cells  were  maintained  by  weekly 
i n traperi toneal  injection  of  approximately  2.5  million  cells  into 
randomly  bred  ICR  mice.  All  mice  utilized  were  healthy  and  4  to  7 
weeks  of  age.  Frozen  cell  stocks  were  made  available  through  the 
courtesy  of  Dr.  J.F.  Henderson  (McEachern  Laboratory,  University  of 
Alberta,  Edmonton). 
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Figure  1.  Purity  of  radiolabel  led  cAMP.  0.25  yCi  of  3H-cAMP  was 
spotted  on  a  20  x  57  cm  sheet  of  Whatman  #1  chromatography  paper. 

On  adjacent  lanes,  5  yl  of  10  mM  solutions  of  ATP,  ADP,  AMP,  cAMP, 
adenosine  and  inosine  were  spotted  as  markers.  The  paper  chromato¬ 
gram  was  developed  with  1  N  ammonium  acetate,  pH  7:95%  ethanol 
(30:75)  for  9.5  hours  at  23°.  The  chromatogram  was  dried,  the  mar¬ 
kers  visualized  under  ultraviolet  light  and  the  3H-cAMP  lane  cut  in¬ 
to  3  to  4  cm  strips.  Each  strip  was  then  eluted  with  1  ml  distil¬ 
led  water  for  1  hour  at  23°.  The  total  aqueous  eluates  were  counted 
in  10  ml  Aquasol  scintillation  cocktail  in  a  Picker  Nuclear  counter. 
The  results  express  the  percentage  of  the  radioactivity  associated 
with  each  strip. 


2.3  Removal  and  in  vitro  incubations  of  Ehrlich  cells 


Ehrlich  ascites  cells  were  extracted  from  tumour  bearing 
mice,  washed  and  prepared  for  in  vitro  incubation  as  previously  des¬ 
cribed  (Crabtree  and  Henderson,  1971).  In  short,  four  to  six  days 
after  tumour  implantation,  the  cells  were  removed  from  the  mice  and 
washed  at  least  three  times  with  cold  extraction  medium  (140  mM  Na Cl ; 
10  mM  Tris  buffer,  pH  7.4;  4  mM  sodium  phosphate  buffer,  pH  7.4), 
containing  5.5  mM  glucose.  Blood  cells,  if  present,  were  separated 
from  the  tumour  cells  by  repeated  centrifugation.  The  final 
washed  cell  pellets  were  suspended  in  modified  Krebs-Ringer  phosphate 
medium  (110  mM  NaCl ;  4.9  mM  KC1  ;  1.2  mM  MgS04  ;  25  mM  sodium  phosphate 
buffer,  pH  7.4)  containing  5.5  mM  glucose  and  adjusted  to  obtain  3% 
(v/v)  cell  suspensions  (approximately  8  *  106  cells/ml).  The  suspen¬ 
sions  were  stored  on  ice  until  the  start  of  incubations. 

All  incubations  were  performed  at  37°C  in  a  water  bath  with 
shaking  at  84  oscillations  per  min  and  air  as  the  gas  phase.  A  15  min 
incubation  period  preceeded  the  addition  of  all  drugs  unless  otherwise 
indicated.  Plastic  Erlenmeyer  vessels  (50  ml  capacity)  were  utilized 
for  the  incubations.  The  total  suspension  volume  did  not  diminish 
after  incubation  periods  up  to  120  min.  All  drugs  were  dissolved  in 
saline  and  the  total  drug  additions  never  exceeded  2%  of  the  total 
suspension  volume.  Solutions  of  the  catecholamines  were  adequately 
protected  from  heat  and  light  and  new  solutions  were  prepared  weekly. 
When  not  in  use,  solutions  of  all  drugs  were  stored  at  -20°C. 

7-Epinephrine  bi tartrate,  dl-i soproterenol  hydrochloride, 
Z-phenyl ephrine  hydrochloride  and  theophylline  were  obtained  from 


Sigma  Chemical  Company.  Orci prenal i ne  sulfate  was  obtained  from  Dr. 
Frohlke  (Boehringer  Ingelheim,  Germany)  and  prostaglandin  Ei  from  Dr. 
J.  Pike  (Upjohn  Company,  Kalamazoo). 

2.4  Acid  extraction  of  Ehrlich  cells 

After  the  desired  periods  of  incubation,  0.5  ml  aliquots 
of  incubating  cell  suspensions  were  quickly  transferred  into  poly¬ 
propylene  tubes  (Eppendorf,  1.5  ml  capacity)  containing  0.5  ml  of 
ice  cold  0.6  M  trichloroacetic  acid  and  3H-cAMP  (1800  cpm)  to  mon¬ 
itor  recovery  of  the  cyclic  nucleotide.  Acid  extraction  was  allowed 
to  proceed  for  at  least  15  min  at  4°C;  the  total  extracts  were  then 
quickly  frozen  in  liquid  nitrogen  and  thawed  once.  Centrifugation 
at  high  speed  for  2  min  in  a  microcentrifuge  (Eppendorf,  16000^) 
yielded  separation  of  the  final  acid  extract  (approximately  1  ml) 
from  the  protein-DNA  pellet.  Preliminary  experiments  indicated  that 
a  second  extraction  of  the  pellet  with  5%  tri chi oroaceti c  acid  did 
not  increase  the  recovery  of  radioactivity  substantially. 

The  precipitated  protein  and  DNA  were  solubilized  in  0.2  ml 
of  0.5  N  NaOH  for  90  min  at  37°C  or  overnight  at  23°C.  Protein  con¬ 
tent  was  assayed  by  the  method  of  Lowry  et  <21.(1951)  using  purified 
bovine  serum  albumin  (Sigma  Chemical  Company)  as  a  standard.  The 
content  of  cAMP  was  also  determined  per  unit  weight  DNA  and  per  cell. 
For  DNA  determinations,  at  least  25  million  cells  were  extracted  in 
order  to  obtain  enough  material  to  assay  according  to  Burton's  mod¬ 
ification  of  Dische's  diphenyl  ami ne  test  (Burton,  1956)  using  2'-de- 
oxyadenosine  (Sigma  Chemical  Company)  as  a  standard.  Cell  numbers 


were  determined  using  a  hemacytometer  after  proper  dilution  of  the 
tumour  cell  suspensions.  Routinely,  all  of  the  above  assays  were  per¬ 
formed  in  duplicate  and  new  calibration  curves  were  drawn  for  every 
protein  and  DNA  assay. 

The  effect  of  in  vitro  incubations  on  protein  and  DNA  con¬ 
tent  per  cell  was  investigated.  The  cell  numbers  did  not  change  sig¬ 
nificantly  for  incubation  periods  up  to  120  min.  Similarly,  protein 
content  per  cell  (0.425  pg/cell;  range  0.405  to  0.443)  and  DNA  con¬ 
centration  per  cell  (5.3  pg/cell:  range  5.14  to  5.79)  varied  only 
within  experimental  error  for  periods  up  to  120  min  at  37°C;  the  num¬ 
bers  represent  results  from  7  duplicate  determinations  obtained  at 
intervals  for  120  min.  Therefore,  all  three  parameters  remained 
stable  during  in  vitro  incubations  and  can  be  utilized  as  a  refer¬ 
ence  for  cAMP  determinations. 

2.5  Purification  of  cAMP  in  cellular  extracts 

The  acid  extracts  (about  1  ml)  obtained  above  were  extracted 
three  times  with  2  volumes  of  water-saturated  ether.  The  final  aque¬ 
ous  layer  was  heated  at  70°C  for  5  min  to  remove  the  ether. 

The  extracts  were  then  applied  to  small  columns  (0.4  x  7  cm) 
of  AG  50W-X4  cation  exchange  resin  in  the  hydrogen  form  (Bio  Rad;  100 
to  200  mesh).  To  prepare  the  columns,  6  ml  of  a  50%  aqueous  suspen¬ 
sion  of  the  exchange  resin  was  poured  into  siliconized  Pasteur  pipets 
containing  glass  wool  to  prevent  passage  of  the  resin.  The  columns 
were  washed  with  at  least  20  volumes  of  distilled  water  just  prior  to 
the  addition  of  the  cellular  extracts.  Following  the  application  of 


the  extracts,  elution  was  continued  with  distilled  water.  The  first 
4  ml  of  aqueous  eluate  were  discarded;  the  following  4  ml  were  col¬ 
lected  and  constituted  the  cAMP  fraction.  Figure  2  illustrates  the 
elution  profile  of  an  actual  ether-treated  tissue  extract  supplement¬ 
ed  with  0.05  pmole  of  both  ATP  and  AMP,  and  another  containing  0.025 
yCi  3H-cAMP;  AMP  remained  bound  to  the  resin  after  elution  with  15  ml 
distilled  water.  The  cAMP  fraction  was  limited  to  fractions  (1  ml) 

6  to  9  inclusive  in  order  to  eliminate  impurities  inasmuch  as  pos¬ 
sible.  Approximately  50  to  60%  of  the  administered  cAMP  was  routine¬ 
ly  recovered  in  that  fraction.  The  pH  elution  profile  indicated 
that  neutrality  had  been  reached  by  fraction  3  and  was  maintained 
thereafter . 

The  total  cAMP  fraction  was  freeze-dried  and  the  residue 
redissolved  in  0.1  ml  distilled  water.  To  monitor  recovery,  10  yl 
aliquots  were  counted  in  duplicate  in  10  ml  Bray's  scintillation 
fluor  (60  g  purified  naphthalene;  20  ml  ethylene  glycol;  100  ml 
methanol;  4  g  2 ,5-phenyl oxazol e ,  Fisher  Scientific;  and  0.2  g  p-bis 
[2-(5-phenyl oxazolyl )]benzene ,  Packard  Instrument  Company,  were 
dissolved  to  1  litre  in  1  ,4-dioxane  obtained  from  Fisher  Scientific) 
using  a  Picker  Nuclear  scintillation  counter. 

2.6  cA14P  o.ssays 

The  content  of  cAMP  was  assayed  in  the  purified  extracts  by 
the  protein  binding  method  of  Gilman  (1970).  The  method  follows  the 
principle  of  saturation  assays  (Ekins  and  Newman,  1970)  and  takes 
advantage  of  the  specificity  of  cAMP  binding  proteins,  which  presum- 
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Figure  2.  Elution  of  3H-cAMP  and  ATP  from  AG  50W-X4  cation  exchange 
resin.  Two  acid  extracts  were  prepared  from  Ehrlich  cells  as  descri 
bed  under  section  2.4;  one  was  then  supplemented  with  0.05  ymole 
of  both  ATP  and  AMP  and  the  other  with  0.025  yCi  3H-cAMP.  The  acid 
extracts  were  extracted  three  times  with  two  volumes  of  water  satura 
ted  ether  and  the  final  aqueous  layer  was  heated  at  70°  for  5  min. 
The  extracts  were  then  applied  to  small  columns  (0.4  x  7  cm)  of 
AG  50W-X4  cation  exchange  resin  in  the  hydrogen  form  (Bio  Rad;  100 
to  200  mesh)  and  the  columns  were  eluted  with  water.  Fractions 
(1  ml)  were  collected  and  the  absorbance  at  260  nm  or  the  radioacti¬ 
vity  present  was  determined;  the  applied  extracts  (1  ml)  constituted 
fraction  #1.  For  the  absorbance  measurements,  the  fractions  were 
diluted  to  10  ml  with  distilled  water;  for  radioactive  counting, 
whole  fractions  were  counted  in  10  ml  Bray's  scintillation  medium. 
AMP  remained  bound  to  the  resin  after  elution  with  15  ml  distilled 
water. 


ably  constitute  the  regulatory  subunits  of  cAMP  dependent  protein 
ki nases . 

The  method  of  Gilman  requires  the  preparation  of  two  pro¬ 
tein  fractions  from  beef  muscle:  the  binding  protein  and  the  "in¬ 
hibitor  protein".  The  binding  protein  was  prepared  from  beef  heart 
essentially  following  the  method  of  Miyamoto  et  a7.(1969),  as  de¬ 
scribed  for  brain  protein  kinase,  through  the  acid  and  ammonium 
sulfate  precipitation  steps.  In  short,  fresh  beef  hearts  were  trans¬ 
ported  on  ice  from  a  nearby  slaughter  house,  dissected  from  the  sur¬ 
rounding  fat  tissue  and  the  ventricles  cut  into  small  cubes.  All 
subsequent  steps  were  performed  in  a  cold  room  at  4°C.  The  tissue 
was  homogenized  in  a  Waring  blender  in  3  volumes  of  cold  4  mM  EDTA 
(Fisher  Scientific),  pH  7.  The  slurry  was  then  centrifuged  at 
12000gr  for  15  min  at  4°C.  Acetic  acid  (1  N)  was  added  dropwise  to 
the  supernatant  until  a  pH  of  4.9  was  reached.  After  centrifugation 
at  12000y  for  15  min,  the  pH  of  the  supernatant  was  readjusted  to  7 
using  1  M  potassium  phosphate  buffer,  pH  7.2.  Ultra  pure,  enzyme 
grade  ammonium  sulfate  (Schwarz/Mann ,  Montreal)  was  then  added  slow¬ 
ly  to  obtain  a  32.^5%  (w/v)  salt  solution  and  the  slurry  stirred  at 
4°C  for  20  min.  Following  centrifugation  at  12000^  for  15  min,  the 
supernatant  was  discarded  and  the  precipitate  redissolved  in  200  ml 
of  5  mM  potassium  phosphate  buffer,  pH  7,  containing  2  mM  EDTA.  The 
32.5%  salt  extract  was  then  dialyzed  at  4°C  against  30  volumes  of  the 
same  buffer  for  15  hours  with  one  change  of  buffer.  Any  precipitate 
was  then  removed  by  centrifugation  at  12000^  for  15  min.  The  prepar¬ 
ation  was  then  subjected  to  DEAE-cel 1 ul ose  chromatography  as  describ¬ 
ed  by  Gilman  (1970) . 


SERVA  DEAE  cellulose  (0.7  mequ/g  dry  weight)  was  swollen  in 
distilled  water  for  12  hours,  washed  with  0.5  N  NaOH  for  30  min  and 
then  with  water  until  the  supernatant  fluids  were  neutral.  The  cell¬ 
ulose  was  then  washed  with  0.5  N  HC1  for  30  min  followed  by  distilled 
water  until  neutral.  A  3  M0  cm  column  was  poured  with  the  washed 
cellulose  and  equilibrated  with  5  mM  potassium  phosphate  buffer  (pH  7) 
containing  2  mM  EDTA. 

The  column  was  then  loaded  with  690  OD28o  of  enzyme  (30  ml 
of  dialyzed  ammonium  sulfate  preparation).  Figure  3  illustrates  the 
DEAE  purification  of  the  cardiac  binding  protein.  The  column  was 
washed  with  5  mM  potassium  phosphate  buffer  (pH  7)  containing  2  mM 
EDTA  until  the  first  visibly  yellow  protein  peak  was  eluted.  The  flow 
rate  was  1.3  ml /mi n  throughout  and  10  ml  fractions  were  collected. 
Elution  was  then  continued  with  100  mM  potassium  phosphate  buffer 
(pH  7)  containing  2  mM  EDTA  from  fraction  22  until  fraction  49  when 
the  newly  appearing  protein  peak  began  to  decline.  Elution  was  con¬ 
tinued  with  300  mM  potassium  phosphate  buffer  (pH  7)  containing  2  mM 
EDTA  from  fraction  50  until  fraction  100.  The  absorbance  at  280  nm 
was  determined  for  alternate  fractions  (Figure  3). 

Aliquots  of  alternate  fractions  were  also  assayed  for  cAMP 
binding  activity  (50  mM  sodium  acetate,  pH  4;  1  pmole  3H-cAMP,  20000 
cpm;  10  yl  of  fractions;  total  volume  0.1  ml;  after  equilibration  for 
1  hour  at  4°C,  assay  samples  were  filtered  and  counted  as  described 
by  Gilman  (1970)).  The  cAMP  binding  profile  is  also  illustrated  in 
Figure  3.  Two  main  binding  peaks  are  evident,  namely  peak  1  (frac¬ 
tions  39  to  44)  and  peak  2  (fractions  67  to  69). 
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Figure  3.  DEAE-Purifi cation  of  cardiac  binding  protein.  A  3  x  40 
cm  SERVA  DEAE  cellulose  column  was  poured  and  equilibrated  with 
5  mM  potassium  phosphate' buffer ,  pH  7,  containing  2  mM  EDTA.  The  co¬ 
lumn  was  loaded  with  690  OD2eo  of  heart  binding  protein  preparation 
processed  through  the  acid  and  salt  precipitation  steps  as  described 
in  the  text.  The  column  was  washed  with  5mM  potassium  phosphate  buf¬ 
fer  (pH  7)  containing  2  mM  EDTA  until  fraction  21.  The  flow  rate  was 
1.3  ml  per  min  throughout  and  10  ml  fractions  were  collected.  Elution 
was  then  continued  with  100  mM  buffer  containing  2  mM  EDTA  until  frac¬ 
tion  49  when  the  newly  appearing  protein  peak  began  to  decline.  Elu¬ 
tion  thereafter  was  continued  with  300  mM  buffer  containing  2  mM  EDTA 
until  fraction  100.  The  absorbance  at  280  nm  was  determined  for  al¬ 
ternate  fractions.  Aliquots  of  alternate  fractions  were  also  assayed 
in  duplicate  for  cAMP  binding  activity  [50  mM  sodium  acetate,  pH  4; 

1  pmo'le  3H-cAMP,  20,000  cpm;  10  yl  of  alternate  fraction;  total 
volume  0.1  ml;  after  equilibration  for  60  min  at  4°,  assay  samples 
were  filtered  and  counted  as  described  by  Gilman  (1970)  ] 


Protein  kinase  activity  was  also  determined  using  10  yl 
aliquots  of  alternate  fractions;  the  assay  was  carried  out  as  pre¬ 
viously  described  (Eckstein  et  aZ.,,1974)  using  histone  II  (Sigma 
Chemical  Company)  as  substrate  (50  mM  sodium  acetate,  pH  6.2;  10  mM 
Mg Cl 2 ;  0.3  mM  EGTA;  0.2  mM  EDTA;  1  mg/ml  histone  type  II;  2  mM  [y-32P] 
ATP  was  obtained  from  International  Chemical  Nuclear,  California. 

Total  reaction  volume  was  0.1  ml.  Incubations  were  carried  out  for 
10  min  at  30°C.  The  reaction  was  terminated  and  processed  by  the 
filter  paper  precipitation  technique  described  by  Reimann  et  aZ.(1971). 
Protein  kinase  activity  exhibited  the  same  profile  as  cAMP  binding; 
basal  protein  kinase  activity  from  fraction  40  (peak  1)  was  13.25 
pmoles  32P  transferred/min/1 Oyl  and  was  stimulated  approximately  3 
fold  by  10“6M  cAMP.  Protein  kinase  activity  from  fraction  67  (peak  2) 
was  13.74  pmoles  32P  transferred/min/1 Oyl  and  was  stimulated  5  fold 
in  the  presence  of  10“ 6  M  cAMP.  Therefore,  cAMP  binding  correlated 
well  with  cAMP-stimul ated  protein  kinase  activity. 

Binding  protein  was  precipitated  from  fractions  67  to  69  by 
the  slow  addition  of  solid  ammonium  sulfate  (35  g/100  ml).  After 
stirring  for  20  min  at  4°C,  the  slurry  was  centrifuged  at  12000y  for 
15  min.  The  precipitate  was  redissolved  in  a  minimal  volume  of  5  mM 
potassium  phosphate  buffer  (pH  7)  containing  2  mM  EDTA,  and  dialyzed 
against  1  1  of  the  same  buffer  for  8  hours  with  one  change  of  buffer. 

The  protein  concentration  of  the  dialysate  was  adjusted  to  1  mg/ml; 
protein  determination  was  performed  by  the  method  of  Lowry  et  al.  (1951). 
Aliquots  (1  ml)  of  the  final  binding  protein  preparation  were  stored 
under  liquid  nitrogen. 


Gilman  recommends  the  use  of  an  "inhibitor  protein"  in  cAMP 


determinations  by  the  protein  binding  method.  Although  the  protein 
is  not  necessary  in  the  assay,  it  does  add  sensitivity  to  the  method. 
This  protein  fraction  was  prepared  from  beef  skeletal  muscle  follow¬ 
ing  the  procedure  of  Appleman  et  al  (1966). 

For  cAMP  determinations,  the  following  were  contained  in 
a  total  volume  of  0.1  ml:  50  mM  sodium  acetate,  pH  4;  19  pg  inhibi¬ 
tor  protein;  1  yg  cardiac  binding  protein  and  0.2  pmole  3H-cAMP  (4000 
cpm).  To  prepare  the  calibration  curves,  quantities  of  cAMP  ranging 
from  0.5  to  10  pmoles  were  added  in  addition  to  the  above;  the  exact 
concentration  of  the  cAMP  solutions  utilized  for  calibration  purposes 
was  determined  spectrophotometrical ly  (e26o  =  15000  l/mole*cm).  Ex¬ 
perimental  tubes  contained  10  to  20  yl  of  purified  tissue  extracts 
which  usually  contained  0.5  to  5  pmoles  cAMP.  The  reaction  mixtures 
were  contained  in  small  polypropyl ene  reaction  tubes  (Eppendorf,  1.5 
ml  capacity).  The  assay  tubes  were  incubated  at  4°C  for  60  to  90  min; 
1  ml  of  cold  20  mM  potassium  phosphate  buffer  (pH  6)  was  then  added 
to  the  tube  contents  which  were  immediately  filtered  through  membrane 
filters  (0.45  micron  pores;  Matheson-Higgins  Co.,  Inc.,  Woburn).  Two 
additional  rinses  of  the  tubes  were  similarly  subjected  to  filtration 
through  the  same  filter  and  the  filter  was  then  washed  two  times  with 
4  ml  aliquots  of  the  same  buffer.  The  steps  of  filtering  and  wash¬ 
ing  were  carried  out  rapidly,  one  assay  tube  at  a  time. 

The  filters  were  then  dissolved  in  a  medium  containing  5  ml 
toluene,  1.8  ml  ethylene  glycol  monomethyl  ether,  25  mg  2 ,5-diphenyl - 
oxazole  and  1  mg  1  ,4-bi s- (4-methyl -5-phenyl oxazolyl ) -benzene  and 
counted  in  a  Picker  Nuclear  scintillation  counter  at  an  efficiency  of 
approximately  30%  as  determined  by  the  external  standard  method.  The 


efficiency  for  samples  from  the  same  experiment  did  not  vary  by  more 
than  1%.  Blanks  conducted  in  the  absence  of  binding  protein  yielded 
no  detectable  binding  of  radioactivity  to  the  filters.  Counts  per 
10  min  were  plotted  against  the  cAMP  content  of  calibration  samples 
on  a  double  logarithmic  plot.  Figure  4  illustrates  a  typical  cAMP 
assay  calibration  curve.  The  calibration  curve  yielded  a  straight 
line  in  the  range  of  0.5  to  10  pmoles  cAMP.  However,  the  line  was 
bent  at  lower  cAMP  concentrations.  The  cAMP  content  of  experimental 
samples  was  usually  in  the  straight  line  segment  of  the  calibration 
curve.  All  determinations  were  done  in  duplicate  and  a  new  calibra¬ 
tion  curve  was  drawn  for  every  experiment.  Preliminary  experiments 
indicated  that  the  addition  of  50  pmoles  of  AMP  or  ATP  to  cAMP  assay 
mixtures  had  no  effect  on  the  cAMP  calibration  curve  between  0.5  and 
5  pmoles. 

In  order  to  test  whether  the  purified  cell  extracts  utilized 
for  cAMP  determinations  contained  impurities  which  interfered  with 
cyclic  nucleotide  binding,  10  yl  aliquots  of  purified  cAMP  extracts 
were  treated  with  cyclic  nucleotide  phosphodiesterase.  Cyclic  nuc¬ 
leotide  phosphodiesterase  was  prepared  from  hog  brain  according  to 
the  procedure  described  by  Nair  (1966)  for  dog  heart  phosphodiesterase 
(prepared  by  S.G.  McKenzie  in  this  laboratory).  The  phosphodiesterase 
reaction  mixtures  contained  in  a  volume  of  20  yl :  5  mM  Tris  buffer, 

pH  7.5;  1  mM  MgCl2;  3  yg  phosphodiesterase  and  1 0  yl  of  purified  cAMP 
extracts.  Reactions  were  carried  out  at  37°C  for  30  min  and  were  ter¬ 
minated  by  boiling  for  3  min  in  a  water  bath.  Preliminary  experiments 
with  radioactive  substrate  indicated  that  such  treatment  hydrolyzed 
better  than  95%  of  the  cAMP  present.  The  phosphodiesterase  reaction 
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Figure  4.  cAMP  assay  calibration  curve.  Counts  per  10  min  are  plot¬ 
ted  against  the  cAMP  content  of  calibration  samples  on  a  double  lo¬ 
garithmic  plot  to  obtain  a  straight  line.  Assay  samples  contained 
in  a  total  volume  of  0.1  ml:  50  mM  sodium  acetate,  pH  4;  19  yg  inhi¬ 
bitor  protein;  1  pg  cardiac  binding  protein;  0.2  pmoles  3H-cAMP 
(4000  cpm)  and  0.5  to  10  pmoles  unlabelled  cAMP.  After  incubation 
at  4°  for  at  least  60  min,  assay  samples  were  filtered  and  the  filt¬ 
ers  were  processed  for  counting  as  described  in  the  text. 


mixtures  were  freeze-dri ed  and  the  residues  were  subjected  to  cAMP 
determination  by  the  protein  binding  method  in  the  presence  of  known 
amounts  of  unlabelled  cAMP.  Controls  were  conducted  in  which  aliquots 
of  cellular  extracts  were  replaced  by  distilled  water  in  the  phospho¬ 
diesterase  reaction  mixtures.  Such  experiments  proved  to  satisfaction 
that  no  impurities  in  the  cAMP  extracts  interfered  with  cAMP  binding 
to  the  cardiac  protein  preparation  over  the  range  of  cAMP  concentra¬ 
tions  of  a  calibration  curve.  Experimental  samples  treated  with  phos¬ 
phodiesterase  were  used  as  blanks  occasionally  to  assure  the  authen¬ 
ticity  of  cAMP  measurements. 

2.7  In  vivo  experiments 

The  effects  of  drugs  on  cAMP  levels  in  Ehrlich  cells  within 
the  peritoneal  cavity  of  mice  were  investigated.  Drugs  were  intro¬ 
duced  within  the  peritoneal  cavity  of  the  mice  in  a  total  volume  of 
0.2  ml  saline.  After  the  desired  periods  of  time,  the  tumour  cells 
were  removed  from  the  host,  plunged  into  ice  cold  trichloroacetic  acid 
and  purified  cAMP  extracts  were  prepared  as  described  above.  The 
amount  of  biological  material  (cells)  extracted  was  assessed  by  dup¬ 
licate  DNA  determinations. 

Since  the  catecholamines  stimulate  adenylate  cyclase  from 
Ehrlich  cells  (Bar  and  Henderson,  1972)  and  since  handling  of  the  an¬ 
imals  prior  to  and  during  cell  removal  might  cause  adrenal  medullary 
discharge  of  catecholamines,  the  effect  on  cAMP  levels  of  the  method 
employed  to  sacrifice  mice  was  investigated.  Furthermore,  two  methods 
for  tumour  cell  removal  were  investigated  with  respect  to  a  possible 


effect  on  cellular  cAMP  content.  The  results  are  summarized  in 
Table  1.  There  were  no  major  differences  in  tumour  cell  cAMP  content 
whether  the  mice  were  sacrificed  by  cervical  fracture,  decapitation 
or  whether  they  were  anesthetized  with  pentobarbi tol  (150  mg/kg). 

The  two  methods  of  extraction  were  the  following: 

Method  A  -  0.1  ml  of  concentrated  cell  suspension  in 
ascites  fluid  was  withdrawn  using  an  Eppendorf  pipette  (0.1  ml)  and 
quickly  plunged  into  0.9  ml  ice  cold  0.6  M  tri chi oroaceti c  acid  as 
soon  as  possible  after  the  sacrifice  of  the  animal  (about  15  sec). 

Method  B  -  2  ml  of  cold  saline  was  quickly  injected  into 
the  peritoneal  cavity  of  the  sacrificed  mouse;  0.5  ml  of  cell  sus¬ 
pension  was  then  withdrawn  and  quickly  added  to  0.5  ml  of  cold  1.2  M 
trichloroacetic  acid.  The  data  presented  in  Table  1  illustrate  that 
the  method  of  extraction  did  not  drastically  influence  the  cAMP  con¬ 
tent  of  the  tumour  cells. 

For  routine  in  vivo  work,  the  mice  were  sacrificed  by  cerv¬ 
ical  fracture,  the  abdominal  wall  and  peritoneum  pierced  with  scissors 
and  0.1  ml  of  cell  suspension  in  ascites  fluid  was  quickly  withdrawn 
with  an  Eppendorf  pipette.  The  cells  were  immediately  plunged  into 
0.9  ml  of  cold  0.6  M  tri chi oroaceti c  acid;  the  acid  extracts  were  pro¬ 
cessed  as  described  previously  to  obtain  cAMP  content  per  unit  weight 
DNA.  Preliminary  experiments  indicated  that  ascites  fluid  (0.1  ml, 
3000y  supernatant)  from  mice  bearing  7  day  old  tumours  contained  no 
detectable  cAMP  or  DNA  when  processed  in  an  identical  way  to  the  as¬ 
cites  cell  suspensions.  Thus,  ascites  fluid  did  not  interfere  with 
the  determinations  of  cAMP  content  within  Ehrlich  cells. 


THE  EFFECT  OF  THE  METHOD  OF  KILLING  AND  TUMOUR  EXTRACTION  ON  cAMP  CONTENT  IN  EHRLICH  CELLS 
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2.8  Adenylate  cyclase  assays 


Adenylate  cyclase  assays  were  performed  using  membrane 
preparations  from  cells  incubated  as  described  in  section  2.3.  Fol¬ 
lowing  in  vitro  incubations  in  the  presence  or  absence  of  drugs  for 
periods  of  time  specified  for  the  individual  experiments,  10  ml  of 
3%  (v/v)  Ehrlich  cell  suspensions  were  diluted  with  3  volumes  of  ice 
cold  modified  Krebs-Ringer  phosphate  medium  (section  2.3)  and  immed¬ 
iately  centrifuged  at  1500y  for  5  min  at  4°C.  The  cells  were  then 
washed  with  10  ml  of  cold  medium  and  centrifuged  as  before.  The 
washed  cells  were  resuspended  in  3  ml  of  cold  distilled  water  and 
allowed  to  swell  for  5  min  on  ice  (Bar  and  Henderson,  1972).  Sub¬ 
sequently,  the  cells  were  poured  into  a  chilled  homogenizer  tube  con¬ 
taining  0.3  ml  of  100  mM  Tris  (pH  7.5)  and  10  mM  MgCl 2 .  The  mixture 
was  homogenized  immediately  with  a  tight  fitting  Teflon  pestle.  The 
homogenate  was  centrifuged  at  1500y  for  10  min  at  4°C.  The  resulting 
pellet  was  washed  with  5  ml  of  cold  10  mM  Tris  (pH  7.5)  and  1  mM  MgCl 
and  centrifuged  as  before;  the  latter  step  was  repeated  and  the  final 
pellet  containing  adenylate  cyclase  was  resuspended  in  approximately 
1  ml  of  the  same  buffer.  Basal  and  stimulated  enzyme  activity  was 
assayed  immediately  after  preparation. 

The  standard  adenylate  cyclase  assays  were  essentially  per¬ 
formed  as  previously  described  (Bar  and  Hechter,  1969).  The  assays 
contained,  in  a  total  of  0.05  ml,  40  mM  Tris  (pH  8),  5  mil  MgCl  2 ,  0.1% 
bovine  serum  albumin,  10  mM  sodium  creatine  phosphate  (Boehringer- 
Mannheim,  New  York),  1  mg/ml  creatine  kinase  (Boehri nger-Mannheim) , 
0.5  mM  sodium  cAMP  and  0.1  mM  [a-32P]ATP  (International  Chemical  Nuc- 


lear,  California).  Enzyme  protein  was  added  to  start  the  incubations 
which  were  carried  out  at  37°C  for  20  min.  The  reactions  were  stop¬ 
ped  by  the  addition  of  5  yl  of  a  solution  containing  0.125  M  EDTA  and 
0.05  M  each  of  cAMP ,  ATP  and  5' -AMP,  and  the  reaction  tubes  quickly 
stored  on  ice.  Further  processing  and  chromatography  on  polyethylene 
imine-impregnated  cellulose  thin  layer  plates  (Macherey-Nagel  and  Co. 
Germany)  were  carried  out  as  recently  described  (Bar,  1975).  Adenyl¬ 
ate  cyclase  activity  is  expressed  as  pmoles  cAMP  formed  per  mg  pro¬ 
tein  per  min;  protein  determinations  were  conducted  according  to  the 
method  of  Lowry  et  al.  for  insoluble  protein  (Lowry  et  al^, 1951). 


3.  RESULTS  AND  DISCUSSION 


3.1  Time  course  of  elevation  of  cAMP  following  epinephrine  in  vitro 

3.2  Absence  of  extracellular  accumulation  of  cAMP 

3.3  Pharmacological  properties  of  the  catecholamine  receptor  in  Ehrlich 
cel  1  s 

3.4  Time  course  of  elevation  of  cAMP  following  prostaglandin  Ei  in 
vitro 

3.5  Dose-response  behaviour  to  epinephrine  and  prostaglandin  Ei 

3.6  Effect  of  a  second  addition  of  hormone 

3.7  Search  for  inhibitory  activity  possibly  associated  with  incubation 
medi urn 

3.8  Effect  of  propranolol  added  after  epinephrine 

3.9  Effect  of  theophylline  added  after  epinephrine 

3.10  Partial  refractoriness  of  stimulated  cells  to  the  effects  of 
epinephrine 

3.11  Hormone-dependent  modification  of  adenylate  cyclase 

3.12  A  proposed  mechanism  for  hormone-induced  desensitization  of 
adenylate  cyclase 

3.13  Hormonal  stimulation  of  Ehrlich  cells  in  vivo 

3.14  Time  course  of  the  cAMP  response  of  Ehrlich  cells  to  epine¬ 
phrine  in  vivo 


32 


3.  RESULTS  AND  DISCUSSION 


3.1  Time  course  of  elevation  of  cAMP  following  epinephrine  in  vitro 

Ehrlich  ascites  tumour  cells  previously  incubated  for  15 
min  at  37°C  responded  to  epinephrine  (10~6  M)  with  a  very  rapid  and 
pronounced  increase  of  cAMP  levels,  followed  by  a  very  quick 
quick  decline  toward  basal  levels  despite  the  continued  presence  of 
hormone  (Figure  5).  Results  from  10  independent  experiments  indicated 
that  cAMP  was  increased  6  to  24  fold  above  basal  levels  after  1  min 
and  2.4  to  5  fold  after  10  min;  results  from  5  experiments  showed 
1.8  to  2.6  fold  increases  after  60  min.  Basal  cAMP  levels  varied  be¬ 
tween  0.9  and  3.6  x  10" 18  moles/cell  in  13  determinations  following 
incubation  of  isolated  cells  for  15  min  at  37°C:  the  mean  value  was 
1.8  x  10-18  moles/cell.  Basal  cAMP  content  did  not  change  notice¬ 
ably  for  incubation  periods  up  to  120  min  at  37°C,  as  monitored  over 
3  independent  time  course  studies. 

The  broad  range  of  the  magnitude  of  increase  of  cAMP  content 
following  stimulation  by  the  same  concentrati on  of  hormone  can  be  due 
to  several  factors.  IJe  have  not  investigated  this  question  but  be¬ 
lieve  that  there  may  be  variable  hormonal  sensitivity  of  different 
tumour  cell  batches,  and  that  the  humoral  state  of  the  animals  bear¬ 
ing  the  tumours,  with  special  reference  to  the  circulating  catechol¬ 
amines,  may  be  a  determinant.  The  basal  activity  and  hormonal  sen¬ 
sitivity  of  adenylate  cyclase  prepared  from  Ehrlich  cells  has  also 
been  found  to  vary  over  a  similarly  wide  range  for  different  batches 
of  cells  (Bar  and  Henderson,  1972).  As  a  consequence  of  this  variabil- 


ity  in  the  response  of  different  tumours  to  hormone,  data  obtained  from 
different  experiments  have  not  been  pooled. 

Figure  5  illustrates  a  typical  in  vitro  response  of  tumour 
cells  to  stimulation  by  10~6  M  epinephrine  in  the  presence  and  absence 
of  1  mM  theophylline.  Theophylline  greatly  enhanced  the  response  to 
the  hormone  suggesting  a  rapid  turnover  rate  of  cAMP  following  hormon¬ 
al  stimulation.  Theophylline  (1  mM)  alone  caused  a  2  to  2.5  fold  in¬ 
crease  in  cAMP  after  5  min  and  these  elevated  levels  were  maintained 
until  at  least  120  min  at  37°C.  Therefore,  phosphodiesterase  is  an 
important  determinant  of  cAMP  levels  in  Ehrlich  cells. 

It  is  of  special  interest  to  note  that  the  time  function  in 
the  presence  of  1  mM  theophylline  is  qualitatively  similar  to  the 
time  course  in  the  presence  of  hormone  alone  (Figure  5);  the  response 
to  1CT6  M  epinephrine  was  enhanced  2.5  fold  at  1  min,  3.5  fold  at  10 
min  and  3.7  fold  at  60  min  when  performed  in  the  presence  of  1  mM 
theophylline.  Therefore,  the  secondary  decline  of  cAMP  cannot  be 
accounted  for  by  a  mechanism  involving  only  cyclic  nucleotide  phospho¬ 
diesterase,  unless  the  particular  phosphodiesterase  involved  is  re¬ 
sistant  to,  or  protected  from,  inhibition  by  theophylline.  If  the 
secondary  decline  was  the  result  of  a  mechanism  involving  a  phospho¬ 
diesterase  subject  to  inhibition  by  theophylline,  qualitative  aspects 
of  the  time  course  would  certainly  be  drastically  altered  in  the  pre¬ 
sence  of  a  phosphodiesterase  inhibitor.  The  observed  effect  of  theo¬ 
phylline  on  the  time  course  would  be  expected  if  the  phosphodiesterase 
inhibitor  simply  decreased  the  rate  of  destruction  of  cAMP  to  approx¬ 
imately  the  same  extent  throughout  the  entire  time  course. 
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Figure  5.  Time  course  of  the  cAMP  response  to  10_6M  epinephrine. 
Ehrlich  cell  suspensions  (3%,  v/v)  were  incubated  under  standard 
conditions  in  the  presence  or  absence  of  1  mM  theophylline  for 
15  min;  epinephrine  was  then  added  (0  time)  to  obtain  a  final 
concentration  of  10~6M.  Aliquots  (0.5  ml)  were  withdrawn  at  inter¬ 
vals  and  acid  extracts  were  prepared  and  processed  for  cAMP  determi¬ 
nation.  Results  are  expressed  as  moles  x  10~18  cAMP  per  cell. 

Cell  number  was  determined  in  duplicate  using  a  hemacytometer.  The 
inset  demonstrates  the  time  course  of  cAMP  elevation  for  the  first 
2  min  following  the  addition  of  epinephrine. 


The  inset  to  Figure  5  displays  the  time  course  of  cAMP  el¬ 
evation  during  the  first  2  min  following  stimulation  by  10"6  M  epin¬ 
ephrine  in  the  presence  and  absence  of  1  mM  theophylline.  It  is  evi¬ 
dent  from  the  inset  that  the  true  maximum  was  indeed  reached  at  about 
1  min  following  the  addition  of  hormone.  Qualitatively  identical  re¬ 
sults  to  those  illustrated  in  Figure  5  were  obtained  in  5  studies  with 
other  batches  of  Ehrlich  cells. 

The  dependence  of  the  time  course  on  the  epinephrine  concen¬ 
tration  was  investigated.  Time  courses  were  qualitatively  identical 
over  a  1000  fold  range  of  epinephrine  concentrations  (10~7  to  10-4  M) ; 
Figure  6  illustrates  results  for  10"7  M  and  10-5  M  epinephrine.  These 
results  do  not  favour  the  possibility  that  ATP  depletion  may  account 
for  the  secondary  decline  in  Ehrlich  cells  since  at  high  doses  of  hor¬ 
mone  ATP  should  be  depleted  more  rapidly  and  thus  the  peak  response 
and  the  phase  of  decline  of  cAMP  levels  would  occur  at  an  earlier  point 
in  time. 

Several  parameters  were  studied  that  might  influence  the  ef¬ 
fects  of  epinephrine  on  cAMP  levels  in  Ehrlich  cells.  As  mentioned 
earlier,  DNA  and  protein  content  per  cell  remained  fairly  constant  dur¬ 
ing  in  vitro  incubations;  thus,  time  courses  were  identical  whether 
cAMP  content  was  expressed  per  unit  weight  DNA,  acid  preci pi  table  pro¬ 
tein  or  per  cell.  Furthermore,  the  duration  of  the  preincubation  of 
cells  for  periods  up  to  60  min  did  not  affect  the  magnitude  of  the  re¬ 
sponse  to  hormone  or  the  qualitative  aspects  of  the  time  course.  Hence, 
the  passive  release  of  a  hormone  antagonist  into  the  incubation  medium 
seems  improbable. 
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Figure  6.  Time  course  of  cAMP  response  to  1CT5  and  10-7M  epinephrine. 
Ehrlich  cell  suspensions  (3%,  v/v)  were  incubated  under  standard  con¬ 
ditions  in  the  presence  of  1 0“ 5M  (closed  triangles)  or  10'7M  (closed 
circles)  epinephrine  for  periods  up  to  120  min.  A  15  min  incubation 
period  preceded  the  addition  of  hormone  (0  time).  Aliquots  were 
withdrawn  at  intervals  for  cAMP  determination.  Cell  number  was  de¬ 
termined  in  duplicate  using  a  hemacytometer. 


It  was  necessary  to  prove  that  the  observed  time  course  was 
not  peculiar  to  the  standard  incubation  medium  employed.  A  time 
course  following  stimulation  by  10“6  M  epinephrine  was  thus  performed 
in  vitro  using  cells  suspended  in  the  15000#  supernatant  of  undiluted, 
fresh  ascites  fluid  isolated  from  tumour  bearing  mice.  Figure  7  dem¬ 
onstrates  that  such  an  experiment  performed  in  ascites  fluid  showed 
results  similar  to  those  performed  under  standard  conditions.  This 
experiment  further  suggested  that  ascites  fluid  was  free  of  agents 
which  could  interfere  with  or  antagonize  epinephrine  stimulation  of 
Ehrlich  cells. 

3.2  Absence  of  extracellular  accumulation  of  cAMP 

The  possibility  of  extracellular  accumulation  of  cAMP  was 
investigated  at  time  intervals  for  120  min  following  the  addition  of 
10"6  M  epinephrine.  Aliquots  (0.5  ml)  of  cell  suspension  were  with¬ 
drawn  at  the  desired  times,  centrifuged  for  0.5  min  in  a  Mi crocentri - 
fuge  (Eppendorf,  16000#)  and  the  cell -free  supernatants  were  added  im¬ 
mediately  to  0.5  ml  of  cold  0.6  M  tri chi oroaceti c  acid.  The  acid  ex¬ 
tracts  of  the  supernatants  were  processed  for  routine  cAMP  determina¬ 
tions.  There  was  no  detectable  cAMP  at  any  time  in  volumes  of  super¬ 
natant  equivalent  to  those  employed  for  routine  cAMP  determination  in 
cell  suspensions.  Hence,  values  of  cAMP  content  in  our  studies  indeed 
represent  intracellular  cAMP;  any  changes  observed  must  be  due  to  in¬ 
tracellular  mechanisms  governing  the  i ntracel 1 ul ar  distribution  and 
the  synthesis  and  breakdown  of  the  cyclic  nucleotide.  It  is  conceiv¬ 
able,  however,  that  cAMP  leaking  out  of  cells  could  be  hydrolized 
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Figure  7.  Time  course  of  cAMP  response  to  epinephrine  of  Ehrlich 
cells  suspended  in  ascites  fluid.  Ehrlich  cells  were  suspended  in 
the  15000^  supernatant  of  fresh,  undiluted  ascites  fluid  extracted 
from  mice  bearing  7  day  old  tumours  to  obtain  a  3%  (v/v)  cell  sus¬ 
pension.  After  incubation  for  15  min  at  37°,  an  aliquot  of  this  cell 
suspension  received  epinephrine  (0  time)  to  obtain  a  final  concentra¬ 
tion  of  10~5M  (closed  circles);  an  equal  volume  of  saline  was  added 
to  a  control  suspension  (closed  triangles).  Aliquots  were  withdrawn 
at  intervals  for  cAMP  determination.  Cell  number  was  determined  in 
duplicate  using  a  hemacytometer.  Results  are  from  a  single  experi¬ 
ment. 
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rapidly  by  phosphodiesterases  accessible  to  extracel 1 ul ar  substrate, 
but  this  possibility  was  not  investigated  in  the  present  study. 

3.3  Pharmacological  pTopevti.es  of  the  catecholamine  veceptov  in 
Ehvlich  cells 

Propranolol  (10“5  M)  present  in  a  10  fold  excess  of  the  epi¬ 
nephrine  concentration  (1CT6  M)  completely  antagonized  the  effect  of 
hormone  throughout  the  entire  time  course  (Figure  8A);  however,  pro¬ 
pranolol  present  alone  did  not  influence  basal  cAMP  levels.  Phentol- 
amine  (10-5  M)  had  little  effect  on  the  response  to  10-6  M  epinephrine 
(Figure  8B).  These  results  agree  with  those  obtained  using  adenylate 
cyclase  membrane  preparations  from  Ehrlich  cells  (Bar  and  Henderson, 
1972).  Furthermore,  orci prenal i ne  (10~6  M)  did  not  significantly  in¬ 
crease  cAMP  levels  in  Ehrlich  cells  (Figure  8C).  Since  orci prenal i ne 
preferenti al ly  stimulates  32-adrenergi c  receptors,  this  result  suggests 
that  Ehrlich  cells  contain  receptors  closely  related  to  those  of  3i- 
type  systems. 

3.4  Time  course  of  elevation  of  cAMP  following  prostaglandin  E\  in  vitro 

The  time  course  of  the  elevation  of  cAMP  content  was  invest¬ 
igated  following  the  addition  of  prostaglandin  Ei  (2.9  x  10”5  M)  and 
is  displayed  in  Figure  9.  It  is  evident  that  the  rapid  initial  rise 
and  subsequent  decline  that  characterize  the  response  to  epinephrine 
also  apply  to  prostaglandin  Ei.  However,  prostaglandin  Ei  was  not 
nearly  as  effective  as  epinephrine  with  respect  to  the  magnitude  of 
the  peak  response  of  cAMP  content.  Results  from  two  independent  stud- 
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Figure  8A.  Effect  of  propranolol  on  the  cAMP  response  to  epinephri¬ 
ne.  Epinephrine  (10~6M)  was  added  (0  time)  to  Ehrlich  cell  suspen¬ 
sions  (3%,  v/v)  previously  incubated  under  standard  conditions  in 
the  presence  (closed  triangles)  or  absence  (closed  circles)  of  10_5M 
propranolol  for  15  min.  At  intervals,  aliquots  (0.5  ml)  were  with¬ 
drawn  and  cAMP  content  was  determined.  Cell  number  was  determined 
in  duplicate  using  a  hemacytometer . 


Figure  8B.  Effect  of  phentolamine  on  the  cAMP  response  to  epinephri 
ne.  Epinephrine  ( 1 0 “ 6 M )  was  added  (0  time)  to  Ehrlich  cell  suspens¬ 
ions  (3%,  v/v)  previously  incubated  under  standard  conditions  in  the 
presence  (closed  triangles)  or  absence  (closed  circles)  of  10"5M 
phentolamine.  Subsequent  steps  were  performed  as  described  for 
Figure  8A. 


Figure  8C.  Time  course  of  the  cAMP  response  to  orci prenal i ne . 
Ehrlich  cell  suspensions  (3%, v/v)  were  incubated  under  standard  con¬ 
ditions  for  15  min.  Orci prenal  i ne  ( 1 0 “ 6 M ;  closed  triangles)  or 
epinephrine  (10~6M:  closed  circles)  was  then  added  (0  time)  and 
0.5  ml  aliquots  were  withdrawn  at  intervals  for  the  determination 
of  cAMP  content.  Cell  number  was  determined  in  duplicate  using  a  he 
macytometer . 
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Figure  9.  Time  course  of  cAMP  response  to  prostaglandin  Ei  .  Ehrlich 
cell  suspensions  (3%,  v/v)  were  incubated  under  standard  conditions 
for  15  min;  prostaglandin  Ei  was  then  added  to  one  suspension  (0  time) 
to  obtain  a  final  concentration  of  2.9  *  1CT5M  (closed  circles).  A 
control  suspension  received  an  equivalent  volume  of  saline  (closed 
triangles).  Aliquots  (0.5  ml)  were  withdrawn  at  intervals  and  acid 
extracts  prepared  for  cAMP  determination.  Results  are  from  a  single 
experiment 


ies  after  2.9  *  10-5  M  prostaglandin  Ei  indicated  3.9  and  3.6  fold  in¬ 
creases  above  basal  levels  at  1  min;  the  respective  increases  were  2.3 
and  2.8  fold  after  10  min.  These  results  suggest  that  a  common  mech¬ 
anism  is  activated  to  account  for  the  secondary  decline  following  stim¬ 
ulation  by  epinephrine  and  prostaglandin  Ei .  Furthermore,  the  same  1 
min  lag  period  preceeded  the  initiation  of  the  secondary  decline  after 
stimulation  by  prostaglandin  Ei . 


3.5  Dose-response  behaviour  to  epinephrine  and  prostaglandin  E\ 

Dose-response  relationships  for  epinephrine  and  prostaglandin 
Ei  are  displayed  in  Figures  10A  and  10B,  respecti vely .  The  responses 
were  determined  1  and  10  min  following  the  addition  of  hormone.  The 
elevation  of  cAMP  content  was  dose  dependent  between  10-7  M  and  10-4  M 
epinephrine.  Four  independent  dose-response  determinations  to  epin¬ 
ephrine  yielded  sigmoid  curves  similar  to  that  illustrated  in  Figure 
10A;  no  response  was  observed  with  10~8  M  epinephrine  at  1  or  10  min  in 
three  of  the  four  determinations.  Maximal  responses  at  1  and  10  min 
were  reached  with  10“ 5  M  epinephrine  in  three  experiments;  in  a  fourth, 
the  maximum  was  observed  with  10"6  M  epinephrine.  As  expected,  the 
responses  to  epinephrine  after  10  min  were  less  marked  than  at  1  min, 
but  exhibited  a  similar  dependence  on  epinephrine  concentration  (Fig¬ 
ure  10A). 

The  response  to  prostaglandin  Ei  was  also  dose  dependent  al¬ 
though  no  typical  sigmoid  pattern  was  demonstrable  (Figure  10B);  how¬ 
ever,  the  highest  concentration  tested  was  2.9  x  10-5  M.  The  cAMP 
levels  were  not  influenced  by  concentrations  of  prostaglandin  Ei  lower 
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Figure  10A.  Dose-response  behaviour  of  cAMP  response  to  epinephrine. 
Aliquots  (3  ml)  of  an  Ehrlich  cell  suspension  (3 %,  v/v)  were  incuba¬ 
ted  for  15  min  under  standard  conditions.  Epinephrine  was  then  added 
(0  time)  to  obtain  doses  ranging  from  nil  to  10~4M  and  aliquots  were 
withdrawn  after  1  and  10  min  for  the  determination  of  cAMP  content. 
Results  are  from  a  single  experiment. 

Figure  10B.  Dose-response  behaviour  of  cAMP  response  to  prostaglan¬ 
din  Ei.  Doses  of  prostaglandin  E2  ranging  from  nil  to  2.9  *  10_5M 
were  tested  for  their  effect  on  cAMP  content  in  Ehrlich  cells  after 
1  and  10  min.  The  experiment  was  performed  as  described  for  epineph¬ 
rine  in  Figure  10A. 


than  10-6  M.  Concentrations  of  10-4  M  or  higher  were  not  tested  due 
to  their  physiological  irrelevance.  The  increase  of  the  response  ob¬ 
served  between  1  x  10~5  M  and  2.9  x  10-5  M  prostaglandin  Ei  (Figure 
10B)  was  confirmed  in  a  further  study.  In  two  additional  experiments, 
it  was  found  that  combined  doses  of  epinephrine  (10~4  M)  and  prosta¬ 
glandin  Ej  (2.9  x  10-5  M)  did  not  produce  additive  responses.  Both 
the  high  doses  of  prostaglandin  Ei  necessary  to  cause  a  response  and 
the  lack  of  additivity  of  hormonal  effects  agree  with  studies  on  ad¬ 
enylate  cyclase  prepared  from  Ehrlich  cells  (Bar  and  Henderson,  1972). 


3.6  Effect  of  a  second,  addition  of  hormone 

In  order  to  test  whether  the  decline  in  cAMP  was  caused  by 
destruction  of  hormone,  a  second  addition  of  epinephrine  (10-6  M)  was 
made  to  an  incubation  vessel  containing  cells  preincubated  with  10-6  !1 
epinephrine  for  10  min  (Figure  11).  That  addition  produced  just  a 
slight  increase  in  cAMP  content  indicating  that  the  fall  in  cAMP  cannot 
be  explained  by  destruction  of  hormone  but  by  resistance  or  partial  re¬ 
fractoriness  to  the  hormone  present.  This  finding  is  confirmed  by 
additional  experiments  described  in  the  following  section. 

3.7  Search  for  inhibitory  activity  possibly  associated  with  incuba¬ 
tion  medium 

The  incubation  medium  from  epinephri ne-treated  cell  suspen¬ 
sions  was  tested  for  the  possible  presence  of  some  inhibitory  activ¬ 
ity  antagonizing  hormonal  action.  Cells  were  incubated  for  10  min  at 
37°C  in  the  presence  or  absence  of  10-6  M  epinephrine.  Incubation 


47 


Time  (  min ) 


Figure  11.  Effect  of  a  second  addition  of  epinephrine.  Epinephrine 
(10"6M)  was  added  (0  time)  to  an  Ehrlich  cell  suspension  (3%,  v/v) 
preincubated  in  drug  free  medium  for  15  min.  After  10  min,  a  second 
addition  of  epinephrine  was  made  to  the  same  cell  suspension  and  the 
incubation  continued.  The  level  of  cAMP  was  monitored  at  intervals 
following  the  first  and  second  additions  of  epinephrine.  Results 
are  from  a  single  experiment.  The  arrows  indicate  the  times  of  the 
additions  of  epinephrine. 


media  from  control  and  treated  cells  were  then  investigated  for  their 
ability  to  elevate  cAMP  levels  in  fresh  cells.  The  results  from  two 
experiments  are  displayed  in  Figures  1 2A  and  12B.  It  is  evident  that 
incubation  media  from  hormone-treated  suspensions  did  not  prevent  the 
elevation  of  cAMP  levels  in  fresh  cells;  furthermore,  the  elevation  of 
cAMP  by  medium  from  hormone-treated  cell  suspensions  followed  the  same 
time  course  as  observed  with  medium  from  control  suspensions.  Thus, 
no  inhibitory  activity  was  associated  with  the  incubation  medium  from 
hormone-treated  cell  suspensions  and  the  decline  phase  of  cAMP  is  not 
due  to  the  hormone  dependent  release  of  an  antagonist  into  the  incuba¬ 
tion  medium.  These  experiments  provide  further  proof  that  significant 
breakdown  of  hormone  does  not  occur  during  the  10  min  period  of  the 
first  incubation. 

McKenzie  and  Bar  (1973)  demonstrated  that  adenosine  (1  mM) 
significantly  inhibited  fluoride  and  epinephrine-stimulated  adenylate 
cyclase  prepared  from  Ehrlich  cells.  Furthermore,  adenosine  has  been 
shown  to  antagonize  hormone  action  in  isolated  fat  cells  (Schwabe  et 
at.  3  1973).  It  is  known  that  Ehrlich  cells  actively  metabolize  aden¬ 
osine  following  cellular  uptake  (Lomax  and  Flenderson,  1973).  We  thus 
investigated  the  fate  of  exogenous  adenosine  spectrophotometrical ly 
under  our  incubation  conditions  (Figure  13).  After  2  min  in  the  pre¬ 
sence  of  cells,  extracellular  adenosine  was  fully  degraded  to  inosine 
and  possibly  other  metabolites.  The  wavelength  of  maximum  absorbance 
after  2  min  had  already  shifted  from  259  my,  characteri Stic  of  aden¬ 
osine,  to  249  my,  characteri Stic  of  inosine.  After  periods  of  10  and 
30  min,  the  maximum  absorbance  remained  at  249  my  but  markedly  decreas¬ 
ed  with  time.  Considering  the  rapidity  of  hydrolysis  (possibly  cata- 
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Figures  1 2A  and  12B.  Ability  of  medium  from  a  hormone-treated  cell 
suspension  to  elevate  cAMP  in  fresh  Ehrlich  cells.  To  test  for  the 
possible  association  of  some  inhibitory  activity  with  the  incubation 
medium  of  hormone-treated  cell  suspensions,  cells  were  incubated  un¬ 
der  standard  conditions  for  10  min  in  the  presence  or  absence  of 
1 0 ~ 6 M  epinephrine.  Treated  and  untreated  suspensions  were  then  cen¬ 
trifuged  at  3000a  for  10  min  at  4°  and  the  supernatants  collected. 
Epinephrine  (10~^M)  was  then  added  to  the  supernatant  from  the 
untreated  suspension  which  was  then  incubated  in  the  absence  of  cells 
for  10  min  at  37°.  The  supernatant  from  hormone-treated  cells  was 
stored  on  ice  during  that  time.  Supernatants  from  untreated  (closed 
circles)  and  hormone-treated  (open  circles)  cell  suspensions  were 
subsequently  investigated  using  standard  procedures  for  their  abili¬ 
ty  to  elevate  cAMP  content  in  fresh  cells.  Results  from  two  indepen¬ 
dent  experiments  are  displayed. 
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Figure  13.  Fate  of  adenosine  added  to  Ehrlich  cell  suspensions. 

The  fate  of  exogenous  adenosine  added  to  an  Ehrlich  cell  suspension 
was  investigated  spectrophotometrically  as  follows:  adenosine  was 
added  to  a  3%  (v/v)  Ehrlich  cell  suspension  to  obtain  a  final  con¬ 
centration  of  about  10-4M.  A  control  suspension  did  not  receive  ade¬ 
nosine.  After  2,  10  and  30  min,  aliquots  of  the  cell  suspensions 
were  withdrawn,  centrifuged  for  0.5  min  in  a  Superspeed  Eppendorf 
centrifuge  (16000y)  and  the  absorbance  spectrum  of  the  supernatants 
immediately  traced  between  225  and  280  nm.  Corresponding  aliquots 
of  supernatants  from  the  control  suspension  served  as  blanks  for 
the  supernatants  from  adenosine-treated  suspensions.  Spectra  are 
displayed  for  supernatants  prepared  2,  10  and  30  min  after  the  addi¬ 
tion  of  adenosine  and  are  labelled  B,  C  and  D,  respectively.  The  0 
time  spectrum,  labelled  A,  was  traced  for  a  solution  of  adenosine 
added  to  cell  free  incubation  medium  to  obtain  the  same  concentrati¬ 
on  as  above. 


lyzed  by  intra-  and  extracellular  enzymes)  it  is  unlikely  that  adeno¬ 
sine  could  act  as  an  antagonist  of  hormone  action  in  this  system. 

3.8  Effect  of  propranolol  added  after  epinephrine 

The  effect  of  propranolol  (10-5  M)  on  cAMP  content  in  Ehr¬ 
lich  cells  preincubated  with  10“ 6  M  epinephrine  for  10  min  was  in¬ 
vestigated.  It  was  previously  shown  that  10-5  M  propranolol  com¬ 
pletely  antagonized  the  effect  of  10~6  M  epinephrine  without  affect¬ 
ing  cAMP  levels  when  present  alone  (Figure  8A).  Figure  14  displays 
the  effect  of  a  late  addition  of  propranolol  to  three  cell  suspensions 
preincubated  with  epinephrine  for  10  min.  The  rate  of  decline  of  cAMP 
content  was  accelerated  in  the  presence  of  propranolol  compared  to 
that  in  the  presence  of  hormone  alone.  However,  this  accelerated  de¬ 
cline  was  not  as  rapid  as  might  have  been  expected  from  studies  of 
the  effect  of  propranolol  on  epinephrine-stimulated  adenylate  cyclase 
preparations  from  Ehrlich  cells  (Bar,  1974),  where  immediate  and  com¬ 
plete  return  to  a  basal  rate  of  cAMP  production  was  observed.  This 
discrepency  could  result  from  different  kinetics  of  association  and 
dissociation  of  hormone  and  hormone  antagonist  to  intact  cells  as  com¬ 
pared  to  isolated  membranes.  A1 ternati vely ,  intracel 1 ul ar  cAMP  may 
in  fact  be  hydrolyzed  only  slowly  by  phosphodiesterase(s)  within  Ehr¬ 
lich  cells. 

The  rate  of  the  decline  of  cAMP  was  accelerated  in  the  pre¬ 
sence  of  propranolol  (Figure  14).  Since  propranolol  alone  does  not 
affect  cAMP  content  in  Ehrlich  cells,  adenylate  cyclase  must  still 
have  been  epinephrine-stimulated  between  10  and  60  min  after  the  addi¬ 


tion  of  hormone. 
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Figure  14.  Effect  of  a  late  addition  of  propranolol.  A  3 %  (v/v) 
Ehrlich  cell  suspension  (10  ml)  was  incubated  with  10"6M  epinephri¬ 
ne  under  standard  conditions  for  10  min;  one-half  of  the  suspension 
then  received  propranolol  (10~5M;  closed  circles)  whereas  the  remai¬ 
ning  half  received  an  equal  volume  of  saline  (closed  triangles).  A 
control  suspension  received  saline  only  at  0  and  10  min  (closed 
squares).  Control,  epi nephri ne-treated  and  epi nephrine/propranol ol - 
treated  suspensions  were  monitored  10,  30  and  60  min  after  0  time 
(time  of  addition  of  hormone)  for  cAMP  content  using  standard  proce¬ 
dures.  Each  point  is  the  mean  from  three  experiments;  the  vertical 
bars  represent  standard  errors  of  the  means. 


3.9  Effect  of  theophylline  added  after  epinephrine 


It  will  be  remembered  from  Figure  5  that  qualitative  aspects 
of  the  time  course  of  cAMP  elevation  after  the  addition  of  epinephrine 
remained  unchanged  in  the  presence  of  1  mM  theophylline.  Furthermore, 
it  was  suggested  that  theophylline  simply  reduced  the  rate  of  break¬ 
down  of  cAMP  to  the  same  extent  throughout  the  entire  time  course  for 
periods  up  to  60  min.  It  then  became  of  interest  to  investigate  the 
rates  of  rise  of  cAMP  upon  addition  of  theophylline  (1  mM)  to  Ehrlich 
cells  preincubated  for  various  periods  of  time  in  the  presence  of  epi¬ 
nephrine.  Any  increases  in  cAMP  content  would  presumably  be  a  measure 
of  rates  of  formation  of  cAMP  at  the  indicated  times.  Figure  15  il¬ 
lustrates  the  results  from  such  a  study.  Theophylline  caused  an  abrupt 
rise  of  cAMP  content  within  2  min  in  all  instances;  shorter  time  inter¬ 
vals  were  not  investigated.  It  is  evident  that  the  rate  of  rise  of 
cAMP  in  response  to  the  addition  of  theophylline  decreased  markedly  as 
the  time  of  exposure  to  hormone  increased.  Theophylline  additions  made 
5,  10,  30  and  60  min  after  epinephrine  caused  cAMP  content  to  elevate 
by  7.1,  5.0,  1.8  and  2.6  x  10" 18  moles  cAMP  per  cell  within  2  min,  re¬ 
spectively.  Furthermore,  the  effect  of  theophylline  added  5  min  after 
epinephrine  represents  only  a  fraction  of  the  enhancement  of  the  peak 
response  observed  when  theophylline  is  present  prior  to  the  addition 
of  hormone  (Figure  5). 

At  least  two  mechanisms  may  explain  these  observations: 

(a)  An  effect  similar  to  that  observed  would  be  expected 
if  a  phosphodiesterase  less  susceptible  to  inhibition  by  theophylline 
became  increasingly  responsible  for  cAMP  degradation.  We  have  not 
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Figure  15.  cAMP  response  of  epinephrine-treated  cells  to  late  addi¬ 
tions  of  theophylline.  Five  suspensions  (3%,  v/v)  of  Ehrlich  cells 
extracted  from  the  same  animal  were  incubated  under  standard  condi¬ 
tions  for  15  min.  Epinephrine  was  then  added  (0  time)  to  each  suspen¬ 
sion  to  obtain  a  final  concentration  of  10_6M.  At  various  intervals 
after  the  addition  of  hormone,  theophylline  (1  mM)  was  added  to  one 
stimulated  cell  suspension  (theophylline  additions  indicated  by  ar¬ 
rows);  cAMP  content  was  monitored  for  periods  up  to  10  min  after 
each  addition  of  theophylline  (open  triangles).  One  suspension  did 
not  receive  theophylline  at  any  time  in  order  to  follow  the  time  cou¬ 
rse  of  the  cAMP  response  in  the  presence  of  hormone  alone  (closed 
circles) . 


investigated  the  existence  of  multiple  phosphodiesterases  in  Ehrlich 
cel  1 s . 

(b)  The  observed  responses  to  theophylline  would  result  if 
the  rate  of  formation  of  cAMP  continually  decreased  with  time  despite 
the  continued  presence  of  hormone. 

3.10  Partial  refractoriness  of  stimulated  cells  to  the  effects  of 
epinephrine 

The  ability  of  epinephri ne-pretreated  and  washed  cells  to 
respond  to  a  second  exposure  to  the  hormone  when  resuspended  in  fresh 
medium  was  investigated.  The  results  are  displayed  in  Figure  16.  Con¬ 
trol  cells  incubated  under  standard  conditions  in  the  absence  of  epi¬ 
nephrine  for  periods  up  to  60  min  were  maximally  responsive  to  epineph¬ 
rine  when  washed  and  resuspended  in  fresh  incubation  medium.  However, 
cells  incubated  in  the  presence  of  1CT6  M  epinephrine  for  10  min  or 
more  were  partially  refractory  or  desensitized  to  the  effects  of  epi¬ 
nephrine  when  washed  and  resuspended  in  fresh  medium,  a  treatment  that 
restored  resting  cAMP  levels  (Figure  16).  Cells  incubated  with  10“6  M 
epinephrine  for  10,  30  and  60  min  attained  only  39%,  27%  and  8%  of  con¬ 
trol  responses,  respectively,  at  1  min  during  the  second  exposure  to 
epinephrine.  These  observations  suggest  that,  in  the  presence  of  hor¬ 
mone,  a  time  dependent  increase  of  the  ratio  of  cAMP  degradation  to 
formation  occurs.  The  effects  of  the  late  additions  of  theophylline 
to  epinephrine-pretreated  cells  (Figure  15)  further  support  that  pro¬ 
posal  . 

The  dose  dependence  of  the  process  which  causes  partial 
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Figure  16.  Ability  of  epinephri ne-treated  Ehrlich  cells  to  respond 
to  further  additions  of  hormone.  Ehrlich  cell  suspensions  (3%,  v/v) 
incubated  under  standard  conditions  in  the  presence  of  10-6M  epine¬ 
phrine  for  10,  30  and  60  min  (times  indicated  by  arrows)  were  quickly 
diluted  with  2  volumes  of  ice  cold  standard  incubation  medium  and 
immediately  centrifuged  at  1500#  for  5  min  at  4°.  The  supernatants 
were  discarded  and  the  cells  were  washed  in  the  same  volume  of  cold 
medium  and  centrifuged  as  before.  The  washed  cellular  pellets  were 
resuspended  in  standard  incubation  medium  to  obtain  3%  (v/v)  cell 
suspensions.  The  entire  procedure  compromising  washing  and  resuspen¬ 
ding  was  strictly  set  to  last  20  min.  Following  incubation  at  37° 
for  5  min,  the  recovered  cells  were  subjected  a  second  time  to  10~6M 
epinephrine  and  a  time  course  of  the  cAMP  response  was  measured  (open 
circles;  continuous  lines).  Control  cells  which  were  subjected  to 
exactly  the  same  treatment  but  received  saline  in  lieu  of  epinephri¬ 
ne  in  the  first  incubation  were  similarly  stimulated  by  10“6M  epine¬ 
phrine  during  the  second  incubation  (open  squares;  broken  lines). 

Also  shown  is  the  initial  cAMP  response  to  10“ 6M  epinephrine  during 
the  first  incubation  (closed  circles;  continuous  lines).  Results  are 
expressed  as  pmoles  cAMP  per  mg  acid  preci pi  table  protein. 


refractoriness  to  hormone  was  investigated.  Tumour  cells  isolated  from 
the  same  animal  were  incubated  in  the  presence  of  increasing  concentra¬ 
tions  of  epinephrine  and  cAMP  levels  were  measured  after  1  min  in  an 
aliquot  thereof  to  yield  a  dose-response  curve  for  epinephrine  action 
(compare  with  figure  10A).  After  10  min  in  the  presence  of  hormone, 
the  remaining  cells  were  centrifuged,  washed  once  and  resuspended  in 
fresh  medium;  the  latter  treatment  again  restored  resting  cAMP  levels 
in  these  cells.  These  cell  suspensions  were  then  incubated  at  37°C 
for  5  min  and  subsequently  stimulated  with  a  dose  of  10~6  M  epineph¬ 
rine;  cAMP  content  was  determined  1  min  after  addition  of  hormone. 
Results  from  one  such  experiment  are  illustrated  in  Figure  17.  The 
curve  marked  A  represents  the  dose-response  relationship  to  epineph¬ 
rine  in  the  first  incubation;  the  curve  marked  B  indicates  the  extent 
of  epinephrine  sensitivity  of  Ehrlich  cells  pretreated  with  different 
doses  of  hormone. 

The  results  indicate  that  the  mechanism(s)  involved  in  the 
establishment  of  refractoriness  was  activated  almost  maximally  by  an 
incubation  for  10  min  in  the  presence  of  1CT7  M  epinephrine  (curve  B), 
a  concentration  which  caused  less  than  half  maximal  elevation  of  cAMP 
in  response  to  hormone  in  the  first  incubation  (curve  A).  There  is 
no  apparent  correlation  between  the  peak  level  of  cAMP  reached  in  the 
first  incubation  and  the  resulting  extent  of  hormone  desensitization. 
This  experiment  was  repeated  and  an  identical  result  was  obtained. 

The  observed  lack  of  sensitivity  of  epi nephri ne-pretreated 
cells  to  a  second  exposure  to  the  same  hormone  is  presumably  due  to 
the  same  phenomenon  responsible  for  the  abrupt  decrease  of  cAMP  levels 
in  epinephrine-treated  cells  after  1  min  (Figure  5).  Since  we  have 
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Figure  17.  Dose-dependence  of  the  desensitization  of  Ehrlich  cells 
to  hormonal  action.  Suspensions  (3%,  v/v)  of  Ehrlich  cells  from 
the  same  animal  were  preincubated  under  standard  conditions  for  15 
min  and  then  subjected  to  increasing  doses  of  epinephrine;  cAMP  res¬ 
ponses  were  measured  after  1  min  (curve  A).  After  10  min  in  the 
presence  of  hormone,  the  same  cell  suspensions  were  quickly  diluted 
with  5  volumes  of  cold  incubation  medium  and  centrifuged  at  1500^ 
for  5  min  at  4°.  The  supernatants  were  discarded  and  the  cells  were 
washed  with  the  same  volume  of  cold  incubation  medium.  The  final 
washed  cellular  pellets  were  resuspended  in  standard  incubation 
medium  to  obtain  3%  (v/v)  cell  suspensions.  Each  cell  suspension 
was  then  incubated  under  standard  conditions  for  5  min  and  subsequen¬ 
tly  stimulated  with  a  standard  dose  of  10-6M  epinephrine;  cAMP  con¬ 
tent  was  determined  after  1  min  (curve  B).  Results  are  expressed  as 
pmoles  cAMP  per  mg  acid  preci pi  table  protein.  A  further  experiment 
with  Ehrlich  cells  from  a  different  animal  yielded  exactly  the  same 
resul t. 


found  no  inhibitory  activity  in  the  incubation  medium,  this  partial 
desensitization  to  epinephrine  is  presumably  the  result  of  an  intra¬ 
cellular  regulatory  mechanism  activated  as  a  result  of  the  hormone 
treatment  itself.  If  this  mechanism  is  activated  by  intracel lul ar 
cAMP  (an  assumption  in  line  with  the  findings  shown  in  Figure  17), 
it  is  evident  that  it  is  activated  almost  maximally  by  a  relatively 
small  increase  in  cAMP. 

A  closer  look  at  Figure  17  will  reveal  that  although  4  x 
10~8  M  epinephrine  caused  a  2.8  fold  increase  of  cAMP  content  in  the 
first  incubation,  no  loss  of  sensitivity  to  epinephrine  was  seen. 
Likewise,  the  same  concentration  of  hormone  caused  a  2.2  fold  increase 
in  a  repeated  experiment  but  again  no  loss  of  sensitivity  was  observed 
Presumably,  the  threshold  cAMP  levels  necessary  for  activation  of  the 
mechanism  leading  to  partial  loss  of  sensitivity  to  hormone  lies 
above  a  2  to  3  fold  increase  over  resting  levels.  Possibly  for  the 
same  reason,  pretreatment  of  Ehrlich  cells  with  1  mM  theophylline  (a 
treatment  that  yields  a  2  to  2.5  fold  increase  of  cAMP)  does  not  abol¬ 
ish  or  suppress  the  response  to  hormone  (Figure  5). 

It  appears  from  Figure  17  that  pretreatment  of  Ehrlich  cells 
with  5  x  1CT9  M  epinephrine,  a  subthreshold  dose  with  respect  to  el¬ 
evation  of  cAMP,  caused  a  slightly  enhanced  response  to  10-6  M  epi¬ 
nephrine  in  the  second  incubation.  This  finding  was  confirmed  in  a 
repeated  experiment;  however,  we  have  not  investigated  this  effect  fur 
ther  and  it  remains  unexplained. 


3.11  Hormone -dependent  modification  of  adenylate  cyclase 


The  possibility  that  epinephrine  action  directly  involves 
an  alteration  of  the  adenylate  cyclase  enzyme  system  in  Ehrlich  ascites 
cells  was  investigated.  For  that  purpose,  basal  and  stimulated  aden¬ 
ylate  cyclase  activity  were  assayed  in  membrane  preparations  from  Ehr¬ 
lich  cells  preincubated  in  the  presence  and  absence  of  1CT5  M  epineph¬ 
rine.  Three  aliquots  from  the  same  tumour  cell  suspension  were  pre¬ 
incubated  for  5  min  at  37°C.  The  cell  suspension  named  ET  (epinephrine- 
treated)  then  received  1CT5  M  epinephrine.  Suspensions  labelled  CA 
(control  A)  and  CB  (control  B)  received  an  equal  volume  of  saline  in 
this  step.  After  10  min  at  37°C  under  standard  conditions,  all  three 
cell  suspensions  were  quickly  cooled  to  0°C  in  an  iced  water  bath. 
Epinephrine  (10~5  M)  was  then  added  to  the  cell  suspension  labelled 
CB  and  an  equivalent  amount  of  saline  was  added  to  the  CA  and  ET  cells. 
To  summarize,  ET  cells  were  epi nephrine-pretreated  at  37°C;  CA  cells 
served  as  a  control  with  respect  to  the  entire  manipulation  while  CB 
cells  received  epinephrine  at  0°C,  thus  serving  as  a  control  to  the 
possible  carry-over  of  epinephrine  into  the  subsequent  adenylate  cyc¬ 
lase  preparation. 

The  three  cell  suspensions  were  immediately  processed  con¬ 
comitantly  as  described  under  Methods  to  prepare  adenylate  cyclase  - 
containing  membrane  preparations.  Basal  as  well  as  epinephrine-  and 
NaF-stimul ated  activities  were  immediately  assayed.  Results  from  two 
such  experiments  are  reported  in  Table  2.  It  is  evident  that  basal 
cyclase  activity  was  not  significantly  different  for  membrane  prepar¬ 
ations  from  either  ET,  CA  or  CB  cells.  However,  adenylate  cyclase 
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Table  2.  Effect  of  epinephrine-pretreatment  of  isolated  Ehrlich  cells 
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mean  of  duplicate  determination  (121.7,  122.5) 
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prepared  from  CB  and  ET  cells  exhibited  approximately  20%  and  60%  re¬ 
duction  of  epinephrine  (10~4  M)  -stimulated  activity,  respecti vely , 
compared  to  cyclase  prepared  from  CA  cells.  The  NaF-stimul ated  activ¬ 
ity  was  also  decreased  in  CB  and  ET  cyclase  preparations  but  only  to 
a  relatively  slight  extent  (Table  2). 

The  overall  dilution  of  10-6  M  epinephrine  during  the  pre¬ 
paration  of  adenylate  cyclase  from  ET  and  CB  cells  was  better  than 
5000  fold;  thus,  the  effective  concentration  of  epinephrine  carried 
over  into  the  adenylate  cyclase  assay  system  would  be  less  than  2  x 
1CT10  M  and  would  not  be  expected  to  produce  any  stimulation  of  aden¬ 
ylate  cyclase.  The  fact  that  CB  cells  produced  a  cyclase  preparation 
with  reduced  (20%)  sensitivity  to  epinephrine  when  compared  to  CA  cells 
could  indicate  that  epinephrine  can  act  on  Ehrlich  cells  at  0°C  and 
perhaps  cause  desensitization  to  the  effects  of  epinephrine  at  that 
temperature.  It  has  been  shown  by  our  laboratory  that  adenylate  cyc¬ 
lase  prepared  from  Ehrlich  cells  can  be  effectively  stimulated  by  epi¬ 
nephrine  at  temperatures  as  low  as  0°C  (Bar,  1974a). 

These  results  were  essentially  confirmed  in  two  further  ex¬ 
periments  using  10-6  M  epinephrine  in  the  pretreatment  (ET  cells)  step. 
In  these  experiments,  hormonal  sensitivity  of  adenylate  cyclase  was 
determined  over  the  range  10-8  to  10~4  M  epinephrine,  as  illustrated  in 
Figure  18.  It  appears  that  epinephrine-pretreatment  resulted  in  an 
overall  reduction  of  the  responsiveness  of  adenylate  cyclase  without 
a  change  in  the  maximally  and  hal f-maximal ly  effective  concentrations 
of  epinephrine. 


. 
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Figure  18.  Response  of  adenylate  cyclase  prepared  from  untreated 
and  epinephrine-pretreated  Ehrlich  cells  to  stimulation  by  epine¬ 
phrine.  Two  10  ml  aliquots  from  the  same  Ehrlich  cell  suspension 
(3%,  v/v)  were  incubated  under  standard  conditions  for  10  min.  One 
group  then  received  epinephrine  to  obtain  a  final  concentration  of 
10”6M;  an  unchallenged  group  received  an  equivalent  volume  of  saline. 
Incubation  was  continued  for  a  further  10  min  at  37°.  Membrane  pre¬ 
parations  containing  adenylate  cyclase  were  then  prepared  as  descri¬ 
bed  under  Methods  (section  2.8)  for  epinephrine-treated  (open  cir¬ 
cles)  and  untreated  (closed  circles)  cell  suspensions  and  assayed  in 
the  presence  of  increasing  doses  of  epinephrine.  Results  are  from 
triplicate  determinations  and  the  vertical  bars  represent  standard 
errors  of  the  means  when  large  enough  to  be  displayed.  A  further 
experiment  with  Ehrlich  cells  from  a  different  animal  yielded  es¬ 
sentially  identical  results. 


3.12  A  proposed  mechanism  for  hormone-induced  de sensitization  of 
adenylate  cyclase 

Although  not  proven  conclusively  by  present  experiments,  it 
is  most  likely  that  the  refractory  behaviour  of  epinephrine-pretreated 
cells  when  exposed  a  second  time  to  hormone,  the  lack  of  sensitivity 
to  epinephrine  of  adenylate  cyclase  prepared  from  epi nephri ne-pretreat- 
ed  cells  and  the  secondary  phase  of  decline  of  cAMP  levels  initiated 
1  min  after  the  addition  of  hormone  to  Ehrlich  cells  are  a  consequence 
of  a  common  mechanism.  It  is  also  reasonable  to  assume  from  results 
presented  earlier  (Figure  17)  that  an  increase  of  cAMP  content  above 
a  certain  threshold  level  is  necessary  for  desensitization  to  hormone 
and  that  this  nucleotide  then  activates  a  "feedback"  mechanism  termin¬ 
ating  or  limiting  prolonged  hormone  action.  Since  all  biological  ef¬ 
fects  of  cAMP  seem  to  be  due  to  the  activation  of  cAMP-dependent  pro¬ 
tein  kinases,  we  propose  that  a  cAMP-induced  phosphorylation  step-- 
presumably  directly  on  the  level  of  hormone-sensitive  adenylate  cyc- 
lase--is  responsible  for  the  three  related  phenomena  listed  above. 

Experimental  evidence  from  literature  supports  the  latter 
model.  Constantopoulos  and  Najjar  (1973)  have  postulated  the  exist¬ 
ence  of  an  inhibited  "phospho"  form  and  an  active  "dephospho"  form  of 
adenylate  cyclase  in  leukocyte  and  platelet  membranes.  Phosphoryla¬ 
tion  of  the  enzyme  could  be  accomplished  by  membrane-associated,  cAMP- 
stimulated  protein  kinases  since  such  activities  appear  to  be  present 
in  membrane  preparations  from  leukocytes  and  platelets  (Najjar  and 
Constantopoulos,  1973).  Phosphoprotein  phosphatases  would  be  res¬ 
ponsible  for  the  dephosphorylation  of  adenylate  cyclase  and  thus  the 
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restoration  of  the  activated  form  of  the  enzyme.  Peritoneal  granulo¬ 
cytes  agd  blood  platelets  possess  active,  membrane-bound  phosphoprotein 
phosphatases  (Layne  et  al.  ,  1973).  Accordingly,  we  suggest  that  the 
components  necessary  for  the  proposed  feedback  inhibition  of  hormone- 
stimulated  adenylate  cyclase  by  cAMP  could  be  in  close  association  as 
a  multienzyme  complex  within  the  structure  of  the  cell  membrane. 

Results  from  yet  another  membrane  system  provide  further  sup¬ 
port  for  the  model  we  propose.  Membrane-associated,  cAMP-stimulated 
protein  kinases  in  human  erythrocytes  catalyze  the  phosphoryl ation  of 
two  specific  protein  components  of  the  same  erythrocyte  membrane 
(Rubin  and  Rosen,  1973).  The  element  of  specificity  evident  in  the 
latter  study  suggests  that  the  phosphoesterif ication  proposed  to  be 
responsible  for  the  establishment  of  the  refractory  behaviour  of  Ehr¬ 
lich  cells  to  hormone  may  also  be  specific  for  some  component  of  the 
cyclase  system. 

The  proposed  model  is  in  accordance  with  all  experimental 
data  presented  in  the  present  thesis.  The  1  min  lag  period  preceding 
the  phase  of  decline  of  cAMP  after  the  addition  of  hormone  to  Ehrlich 
cells  may  represent  the  time  necessary  for  the  elevation  of  cAMP,  the 
activation  of  the  postulated  protein  kinase  and  the  subsequent  membrane 
alteration  leading  to  the  observed  desensitization  or  refractori ness 
to  hormone. 

The  effect  of  theophylline  added  at  various  times  after  epi¬ 
nephrine  (Figure  15)  can  also  be  explained  in  the  light  of  the  present 
theory.  At  any  given  time,  cAMP  levels  within  Ehrlich  cells  are  the 
resultant  of  the  rates  of  synthesis  and  degradation.  If  we  assume 
that  theophylline  causes  the  same  degree  of  phosphodiesterase  inhibi- 


tion  irrespective  of  the  time  of  addition,  the  progressi vely  smaller 
rise  of  cAMP  in  response  to  addition  of  theophylline  to  epinephrine- 
stimulated  cells  (Figure  15)  is  best  explained  by  assuming  that  the 
cyclase  system  itself  becomes  more  inhibited  with  time  in  the  presence 
of  hormone. 

The  present  model  satisfactorily  explains  the  maintenance 
of  partial  desensitization  to  the  effects  of  epinephrine  when  hormone- 
pretreated  cells  are  washed  and  resuspended  in  fresh  medium  (Figure 
16).  The  restoration  of  normal  sensitivity  of  Ehrlich  cells  to  epi¬ 
nephrine  would  be  dependent  on  the  rate  of  dephosphoryl ation  of  the 
phosphoryl ated  membrane  component.  The  presence  of  phosphatases  in 
adenylate  cyclase  preparations  from  Ehrlich  cells  has  been  observed 
in  this  laboratory  (Simonson  and  Bar,  1974).  As  yet,  the  time  course 
of  the  restoration  of  normal  responsiveness  of  adenylate  cyclase  and 
cAMP  response  of  intact  Ehrlich  cells  to  epinephrine  have  not  been 
examined. 

3.13  Hormonal  stimulation  of  Ehrlich  cells  in  vivo 

After  having  established  the  characteristics  of  the  time 
course  of  the  cAMP  response  in  Ehrlich  cells  subjected  to  epinephrine 
in  vitro ,  it  became  of  interest  to  explore  the  effects  of  the  same 
hormone  on  cAMP  in  tumour  cells  growing  within  the  peritoneal  cavi¬ 
ty  of  mice.  Table  3  summarizes  the  effect  of  i.p.  administration  of 
epinephrine  (0.2  ml  of  10“5M  sol ution)  }theophyl 1 i ne  (0.2  ml  Of  23.8 
mM  solution)  and  theophylline  plus  epinephrine  (theophylline  was 
administered  10  min  prior  to  the  epinephrine  injection)  on  cAMP  in 
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Ehrlich  cells.  Likewise,  the  effect  of  propranolol  (0.2  ml  of  10" 4  M 
solution)  on  the  in  vivo  cAMP  response  of  Ehrlich  cells  to  epinephrine 
was  investigated;  the  propranolol  solution  was  administered  3  min 
prior  to  hormone.  All  drugs  were  dissolved  in  saline.  In  all  in¬ 
stances,  the  cAMP  content  of  Ehrlich  cells  was  measured  5  min  after 
the  administration  of  epinephrine. 

Ehrlich  ascites  cells  subjected  to  the  effects  of  epinephrine 
and  epinephrine-theophyl 1 i ne  combined  in  vivo  responded  with  1.8  and 
3.5  fold  increases  of  cAMP  content  above  saline  controls,  respecti vely , 
at  5  min  after  the  injection  of  hormone  (Table  3).  Treatment  with 
theophylline  alone  for  15  min  (an  exposure  time  identical  to  that  used 
for  theophylline  in  the  epinephrine-theophylline  combined  group)  did 
not  significantly  elevate  cAMP  content  in  Ehrlich  cells  in  vivo.  Fur¬ 
thermore,  propranolol  totally  blocked  the  effect  of  epinephrine  on  the 
cAMP  response  in  Ehrlich  cells  in  vivo  (Table  3),  an  observation  con¬ 
sistent  with  in  vitro  observations. 

3.14  Time  course  of  the  cAMP  response  of  Ehrlich  cells  to  epinephri¬ 
ne  in  vivo 

The  time  course  of  the  elevation  of  cAMP  in  Ehrlich  cells 
subjected  to  epinephrine  in  vivo  was  investigated.  The  results  are 
summarized  in  Table  4.  Treatment  with  epinephrine  (0.2  ml  of  5  *  10“5M 
solution)  resulted  in  4.7  and  1.8  fold  increases  of  cAMP  above  saline 
controls  after  2  and  5  min,  respectively.  Combined  treatment  with  epi¬ 
nephrine  (same  dose  as  above)  and  theophylline  (0.2  ml  of  23.8  mM  sol¬ 
ution  administered  10  min  prior  to  hormone  injection)  yielded  12.2  and 
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3.9  fold  increases  of  cAMP  at  2  and  5  min  after  administration  of  hor¬ 


mone,  respectively.  After  1  hour,  cAMP  levels  had  fallen  to  control 
values  in  all  treated  groups  and  these  levels  were  maintained  in  all 
instances  until  at  least  8  hours.  Theophylline  alone  did  not  affect 
the  cAMP  content  of  Ehrlich  cells  at  any  time. 

It  is  apparent  that  the  time  course  of  the  cAMP  response  of 
Ehrlich  cells  to  epinephrine  in  vivo  follows  the  same  pattern  as  that 
observed  using  isolated  cells.  Furthermore,  theophylline  enhanced 
the  response  of  Ehrlich  cells  to  epinephrine  in  vivo  but  did  not  pre¬ 
vent  the  early  decline  of  cAMP,  an  observation  consistent  with  in 
vitro  investigations  reported  earlier  (Figure  5).  The  in  vivo  re¬ 
sponses  are  presumably  influenced  by  redistribution  and  metabolism  of 
hormone  and  theophylline  within  the  animals.  Hence,  the  effects  of 
the  drugs  may  be  terminated  quite  rapidly  after  administration  and 
this  may  account  for  the  lack  of  effect  in  all  treated  groups  after 


1  hour. 


■ 


4.  GENERAL  DISCUSSION 


As  stated  above,  explanations  other  than  the  model  proposed 
in  section  3.12  might  still  account  for  the  observed  desensitization 
of  adenylate  cyclase  due  to  treatment  by  hormone.  In  the  following, 
some  of  these  possibilities  will  be  discussed  as  well  as  the  biologi¬ 
cal  significance  of  the  hormone-induced  desensitization  of  hormonal 
control  of  cAMP. 

Our  results  do  not  rule  out  conclusively  the  possibility 
that  specific  hormone  antagonists  are  formed  within  Ehrlich  cells 
as  a  result  of  treatment  with  hormone.  However,  no  such  antagonist 
was  found  associated  with  the  cell  free  incubation  medium  of  stimula¬ 
ted  Ehrlich  cells.  The  possibility  of  an  intracellular  antagonist 
is  conceivable  but  was  not  investigated.  However,  if  such  a  mechan¬ 
ism  is  involved,  our  findings  require  that  the  inhibitory  factor  be 
tightly  associated  with  adenylate  cyclase  such  that  desensitization 
persists  following  isolation  of  the  enzyme. 

The  desensitization  of  intact  Ehrlich  cells  could  similar¬ 
ly  be  due  to  a  hormone-induced  enhancement  or  induction  of  ae  novo 
synthesis  of  cyclic  nucleotide  phosphodiesterase.  The  latter  possi¬ 
bility  has  been  demonstrated  by  Bourne  et  at.  (1973)  in  cultured 
lymphoma  cells;  however,  in  view  of  the  rapidity  with  which  refrac¬ 
toriness  to  hormone  is  established  in  our  system,  it  is  unlikely  that 
this  mechanism  could  account  for  our  findings.  The  extensive  loss 
of  catecholamine  sensitivity  in  human  diploid  fibroblasts  pretreated 
with  i soprenal ine ,  most  likely  a  consequense  of  the  same  pheno¬ 
menon  operating  in  Ehrlich  cells,  was  not  accompanied  by  any 
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significant  increase  in  phosphodiesterase  activity  (Franklin  and  Fos¬ 
ter,  1973).  Flowever,  in  the  latter  study,  sonic  extracts  of  human 
fibroblasts  were  assayed  for  phosphodiesterase  activity  and  such 
broken  cell  preparations  cannot  be  regarded  as  true  estimates  of  ac¬ 
tual  phosphodiesterase  activity  within  whole  cells.  Subcellular  or¬ 
ganization  and  macromol ecul ar  associations  which  are  disrupted  by  ul¬ 
trasonic  desintegrati on  may  be  important  determinants  of  actual  phos¬ 
phodiesterase  activity  within  intact  cells. 

If  the  activity  of  membrane-associated  phosphodiesterase 
was  enhanced  as  a  result  of  the  hormonal  treatment  of  Ehrlich  cells, 
the  effect  could  be  carried  into  the  membrane  preparation  used  to 
assay  adenylate  cyclase.  Flence,  an  enhancement  of  the  breakdown  of 
cAMP  during  the  assay  could  be  wrongly  interpreted  as  a  decreased  ac¬ 
tivity  of  the  cyclase.  However,  basal,  epinephrine-  and  NaF-stimula- 
ted  activities  would  presumably  be  affected  similarly.  Since  basal 
and  NaF-stimulated  activities  remained  unchanged  as  a  result  of 
pretreatment  of  Ehrlich  cells  with  hormone,  it  is  unlikely  that  a 
phosphodiesterase  effect  can  account  for  the  hormone-induced  desensi¬ 
tization  of  adenylate  cyclase.  Furthermore,  the  assay  conditions 
used  for  adenylate  cyclase  are  such  that  interference  from  phospho¬ 
diesterase  is  eliminated  or  minimized  (Bar,  1975). 

The  desensitization  of  adenylate  cyclase  to  hormonal  stimu¬ 
lation  could  involve  the  loss  or  alteration  of  hormone  binding  sites. 
For  example,  an  agonist-induced  conformational  change  in  the  recep¬ 
tors  associated  with  the  regulatory  subunit  of  adenylate  cyclase  is 
an  attractive  proposition.  Following  such  a  conformational  change, 
the  cyclase  system  may  become  susceptible  to  phosphorylation,  refer- 


k 
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ring  to  the  model  proposed  in  section  3.12.  Such  a  mechanism  would 
explain  the  hormone  specificity  of  hormone-induced  desensitization 
of  adenylate  cyclase  observed  in  human  diploid  fibroblasts  (Franklin 
and  Foster,  1  973)  and  guinea  pig  macrophages  (Remol d-0 ' Donnel  1  ,  1974) 
The  recovery  to  a  sensitive  conformation  would  be  necessary  to  allow 
reactivation  (dephosphorylation)  of  adenylate  cyclase.  The  recovery 
of  isoprenaline  sensitivity  in  isoprenal ine-pretreated  human  diploid 
fibroblasts  was  found  to  be  incomplete  even  after  a  24  hour  incuba¬ 
tion  in  drug  free  medium  (Franklin  and  Foster,  1973).  In  view  of  the 
slowness  of  the  recovery,  the  authors  suggest  that  the  restoration 
of  normal  hormonal  sensitivity  of  adenylate  cyclase  may  require  the 
de  novo  synthesis  and  assembly  of  functional  receptors.  This  possi¬ 
bility  constitutes  an  alternative  to  our  suggestion  that  phosphatase 
action  is  involved  in  the  recovery.  The  use  of  inhibitors  of  protein 
synthesis  during  the  recovery  phase  could  provide  useful  data  to  con¬ 
firm  of  disprove  either  suggestion. 

The  occupancy  of  the  hormone  receptor  site  by  a  metabolite 
of  the  hormone  remains  possible.  The  metabolite  would  need  to  be 
tightly  associated  with  the  hormone  receptor  in  order  to  be  carried 
over  into  the  membrane  preparation  used  in  the  adenylate  cyclase 
assay.  By  subjecting  Ehrlich  cells  to  radioactive  epinephrine  and 
subsequently  analyzing  the  identity  of  labelled  agents  extracted  from 
membrane  preparations  with  organic  solvents,  any  metabolites  tightly 
associated  with  the  plasma  membrane  could  perhaps  be  demonstrated. 

The  question  arises  finally  whether  the  findings  presented 
here,  and  those  reported  in  the  literature,  on  the  hormone-induced 
desensitization  of  adenylate  cyclase  are  of  physiological  significan- 


ce.  Cells  and  tissues  are  probably  subjected  only  rarely  to  high 
concentrations  of  hormone  for  prolonged  periods  of  time  under  normal 
physiological  conditions.  However,  partial  desensitization  of  adeny¬ 
late  cyclase  may  be  achieved  even  upon  exposure  to  low  concentrations 
of  hormone.  Tachyphylaxis  and  desensitization  phenomena  are  well 
known  in  physiology  and  pharmacology.  Little  is  known  about  the 
underlying  biological  mechanism  and  these  are  usually  discussed  in 
terms  of  the  desensitization  of  the  respective  drug  receptor  sys¬ 
tems.  The  present  findings  could  be  related  to  physiologically  mea¬ 
ningful  desensitization  phenomena;  however,  we  do  not  want  to  genera¬ 
lize  considering  the  absence  of  any  data  on  the  desensitization  of 
adenylate  cyclase  in  systems  such  as  smooth  muscle. 

It  has  been  observed  that  the  sensitivity  to  the  catechol¬ 
amines  of  adenylate  cyclase  prepared  from  isolated  Ehrlich  cells 
varies  significantly  from  one  batch  of  cells  to  another  (Bar  and 
Henderson,  1972).  In  the  light  of  the  present  discussion,  differing 
levels  of  circulating  catecholamines  within  the  different  hosts 
could  provide  an  explanation  for  that  observation.  The  variable 
cAMP  response  of  different  batches  of  intact  Ehrlich  cells  to  stim¬ 
ulation  by  epinephrine  found  here  could  be  similarly  explained. 

There  are  pathological  and  pharmacological  circumstances 
in  which  tissues  or  cells  in  vivo  are  subjected  to  high  concentrati¬ 
ons  of  hormones  or  drugs  for  prolonged  periods  of  time.  Under  these 
unusual  conditions,  the  phenomenon  of  adenylate  cyclase  desensitiza¬ 
tion  may  be  of  special  physiological  significance.  For  example, 
adrenal  tumours  continually  discharge  large  amounts  of  epinephrine 
into  the  circulation.  A  pharmacological /therapeutic  circumstance  is 


that  of  the  excessive  dosing  with  catecholamines  in  asthmatic  patients 
In  such  instances,  desensitization  to  the  respective  agents  could  in¬ 
volve  the  refractori ness  (tachyphylaxis)  of  adenylate  cyclase  to  fur¬ 
ther  effects  of  the  hormones. 

The  desensitization  of  adenylate  cyclase  could  also  occur 
in  the  temporal  regulation  of  hormonally  controlled  events  such  as 
seasonal  or  circadian  cycles  or  other  rhythmic,  biological  events. 

Both  prostaglandins  and  catecholamines  have  been  shown  to 
modulate  the  migration  of  macrophages  in  vitro  (Koopman  et  al.  ,  1973) 
and  to  accumulate  at  sites  of  infection  (Willis,  1970).  Furthermore, 
adenylate  cyclase  prepared  from  macrophages  pretreated  with  catechol¬ 
amines  and  prostaglandins  display  greatly  reduced  sensitivity  to  the 
effects  of  the  same  hormone  used  in  the  pretreatment (Remoul d-0 ' Donn¬ 
ell,  1974).  Hence,  both  hormone  and  target  cell  seem  to  be  concen¬ 
trated  in  a  specific  anatomical  area  for  prolonged  periods  of  time, 
and  hormone-induced  desensitization  of  the  cAMP  response  of  macropha¬ 
ges  could  play  a  physiological  role  in  host  defense  mechanisms  in  in¬ 


fection. 


. 


5.  FUTURE  PROJECTIONS 


Whereas  the  experimental  results  presented  in  this  thesis 
bear  on  the  mechanism  responsible  for  the  secondary  decline  of  cAMP 
in  Ehrlich  cells  in  the  continued  presence  of  hormone,  many  impor¬ 
tant  and  new  questions  are  posed  and  remain  to  be  challenged.  Some 
of  these  are  listed  and  discussed  briefly  in  this  section. 

(a)  The  dependence  on  the  dose  of  epinephrine  of  the  re¬ 
fractory  behaviour  of  the  cAMP  response  of  Ehrlich  cells  to  epinep¬ 
hrine  was  reported  earlier  (Figure  17).  It  would  then  be  of  interest 
to  determine  in  parallel  the  dose-dependence  of  the  hormone-induced 
desensitization  of  adenylate  cyclase.  Both  phenomena  would  be  expec¬ 
ted  to  show  the  same  dependence  on  the  dose  of  epinephrine  if  the 
refractory  behaviour  of  the  cAMP  response  of  intact  Ehrlich  cells  to 
epinephrine  is  a  consequence  of  the  desensitization  of  the  adenylate 
cyclase  system  to  that  hormone. 

(b)  We  have  not  yet  investigated  the  effect  of  pretreat¬ 
ment  of  Ehrlich  cells  with  prostaglandin  Ei  on  the  hormonal  sensi¬ 
tivity  of  subsequently  prepared  adenylate  cyclase.  It  will  be  of  in¬ 
terest  to  see  whether  adenylate  cyclase  desensitized  to  the  stimula¬ 
tory  effect  of  epineprhine  is  also  insensitive  to  prostaglandin  Ei 
and  vice  versa  or  whether  the  alteration  of  the  cyclase  is  specific 
for  the  effect  of  each  hormone.  On  the  basis  of  reports  by  others 
(Remol d-0 1 Donnel 1 ,  1974;  Franklin  and  Foster,  1973),  the  latter  is 
expected  to  be  true. 

(c)  Present  findings  have  shown  that  cAMP  is  elevated  in 
Ehrlich  cells  in  vivo  following  administration  of  epinephrine  alone 
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or  in  combination  with  theophylline.  Furthermore,  the  early  decline 
of  cAMP  levels  following  the  addition  of  hormone  in  vitro  was  obser¬ 
ved  in  vivo.  Hence,  it  would  be  of  interest  to  demonstrate  whether 
adenylate  cyclase  prepared  from  Ehrlich  cells  pretreated  with  epine¬ 
phrine  in  vivo  displays  partial  desensitization  to  the  effects  of 
the  same  hormone  under  assay  conditions  in  vitro. 

(d)  In  order  to  demonstrate  whether  cAMP  itself  is  invol¬ 
ved  in  the  mediation  of  the  desensitization  phenomenon,  intact  Ehr¬ 
lich  cells  could  be  incubated  in  vitro  in  the  presence  of  high  con¬ 
centrations  of  cAMP  or  its  derivatives.  The  effect  of  this  treatment 
on  the  hormone  sensitivity  of  adenylate  cyclase  could  then  be  exami¬ 
ned.  It  must  be  remembered  that  a  negative  answer  would  not  preclu¬ 
de  a  role  of  cAMP  in  desensitization.  In  particular,  the  presence 

of  hormone  bound  to  the  regulatory  subunit  of  adenylate  cyclase  may 
be  a  requirement  for  desensitization  to  occur. 

(e)  The  model  we  have  proposed  in  section  3.12  involves 
the  cAMP-induced  phosphorylation  of  a  membrane  component  of  Ehrlich 
cells.  Hence,  Ehrlich  cells  equilibrated  with  3 2P-i norgani c  phos¬ 
phate  and  subsequently  stimulated  with  hormone  would  be  expected 

to  incorporate  32P  into  a  specific  component  of  the  cell  membrane 
at  an  accelerated  rate  during  the  first  few  minutes  after  the  addi¬ 
tion  of  hormone.  Demonstration  of  the  specificity  of  such  a  phos- 
phoesterifi cation ,  if  indeed  it  takes  place,  would  be  of  special  in¬ 
terest. 

(f)  The  dephosphorylation  and  thus  reactivation  of  adeny¬ 
late  cyclase  under  the  proposed  model  (section  3.12)  would  involve 
phosphoprotein  phosphatases.  The  study  of  intra-  as  well  as  extra- 


. 


. 


cellular  phosphatases  would  thus  be  of  interest. 


(g)  It  would  also  be  of  general  interest  to  investigate 
cyclic  nucleotide  phosphodiesterases  in  Ehrlich  cells  and  to  esta¬ 
blish  directly  whether  these  enzymes  can  play  a  role  in  hormone-de- 
pendent  desensitization  of  the  cAMP  response  of  intact  Ehrlich  cells. 
Our  arguments  to  the  contrary  are  based  on  indirect  evidence  only. 

(h)  Finally,  it  would  be  of  interest  to  investigate  whe¬ 
ther  the  same  model  applies  to  other  cell  and  tissue  systems  to  deter 
mine  how  widespread  and  thus  how  significant  hormone-induced  desen¬ 
sitization  of  the  cAMP  response  to  hormone  is  in  vivo. 
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APPENDIX  A 


As  pointed  out  in  the  Introduction,  the  ultimate  goal  of 
the  present  study  was  to  provide  a  rational  approach  to  investiga¬ 
tions  attempting  to  correlate  increased  intracellular  cAMP  content 
to  a  reduced  rate  of  growth  of  Ehrlich  ascites  tumours  in  mice.  In 
the  context  of  the  present  work,  it  has  not  been  possible  to  explore 
this  problem  in  any  depth.  However,  a  few  relevant  experiments  have 
been  performed  and,  in  spite  of  their  limited  character,  they  are  de¬ 
scribed  here  since  we  feel  that  the  findings  may  provide  direction 
for  future  developments. 

Two  main  approaches  were  adopted  in  these  investigations. 

The  first  consisted  of  the  daily  administration  of  cAMP  alone  or  in 
combination  with  theophylline  into  the  peritoneal  cavity  of  tumour 
bearing  mice.  In  a  second  approach,  repeated  administrations  of  epi¬ 
nephrine  alone  or  in  combination  with  theophylline  were  investigated 
with  respect  to  their  effect  on  the  rate  of  growth  of  Ehrlich  ascites 
tumours . 

Two  methods  were  used  to  assess  cellular  material  present  in 
the  Ehrlich  ascites  tumours.  Total  tumour  cell  number  was  determined 
using  a  Coulter  electronic  particle  counter  after  proper  dilution  of 
cells  extracted  from  the  peritoneal  cavity  of  mice.  Packed  cell  vol¬ 
ume  (ml)  was  also  utilized  to  assess  cellular  material  present  in  the 
ascites  tumours  (Patt  and  Straube,  1956). 

Table  5  summarizes  the  effect  of  the  i ntraperi toneal  admin¬ 
istration  once  daily  of  0.2  ml  sterile  solutions  of  saline,  12.5  mM 
cAMP  (0.82  mg  daily),  23.8  mil  theophylline  (2  mg  daily)  and  cAMP  and 
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20  to  25  grams)  treatment  was  begun  and  carried  out  at  24  hour  intervals  for  a  total  of 
six  injections.  The  total  number  of  cells  per  ascites  tumour  was  determined  24  hours  after 
the  last  injection  using  a  Coulter  electronic  particle  counter. 


theophylline  combined  in  the  same  injection.  All  drugs  were  dissolved 
in  saline.  The  experiment  was  scheduled  as  follows:  24  hours  after 
implantation  of  2.5  x  106  Ehrlich  cells  into  the  peritoneal  cavity  of 
randomly  bred  ICR  mice  (4  to  6  weeks  of  age,  20  to  25  g),  treatment 
was  begun  and  carried  out  at  24  hour  intervals  for  a  total  of  6  in¬ 
jections.  The  total  number  of  tumour  cells  present  within  the  peri¬ 
toneal  cavity  of  all  mice  was  determined  24  hours  following  the  last 
injection  using  a  Coulter  counter  after  proper  dilution  of  the  extract¬ 
ed  cells  in  saline. 

It  is  evident  from  Table  5  that  tumour-bearing  mice  which 
were  subjected  to  the  combined  treatment  of  cAMP  and  theophylline  bore 
fewer  cells  than  did  mice  treated  with  saline,  cAMP  alone  or  theophyl¬ 
line  alone.  The  mice  subjected  to  the  combined  treatment  bore  only 
61%  of  the  mean  number  of  tumour  cells  present  in  mice  which  received 
saline  only.  However,  a  one-way  analysis  of  variances  indicated  that 
the  mean  cell  numbers  obtained  were  not  significantly  different  for 
any  one  group  of  mice  with  respect  to  any  other  group  at  the  5%  level 
of  significance.  Therefore,  the  observed  effect  of  the  combined 
treatment  was  only  marginal  and  its  meaning  remains  equivocal. 

In  an  experiment  similar  to  the  one  reported  here.  Seller 
and  Benson  (1973)  reported  a  50%  reduction  of  Ehrlich  ascites  tumour 
growth  in  response  to  the  administration  twice  daily  of  cAMP  plus 
theophylline.  The  effect  of  the  combined  treatment  was  reported  to 
be  significant  at  the  1%  level  of  significance.  The  total  daily  doses 
of  cAMP  and  theophylline  for  20  g  mice  were  0.4  mg  and  2  mg,  respec¬ 
tively.  In  our  experiment  reported  above,  correspondi ng  doses  for 
cAMP  and  theophylline  were  0.82  mg  and  2  mg,  respectively.  Thus, 


daily  doses  of  theophylline  did  not  differ  but  we  administered  two 
times  the  dose  of  cAMP.  Two  other  differences  exist  between  our  ex¬ 
perimental  design  and  that  of  Seller  and  Benson.  They  implanted  10 
million  tumour  cells  whereas  we  implanted  only  2.5  million  cells. 
Furthermore,  they  initiated  treatment  72  hours  after  tumour  implan¬ 
tation  and  maintained  injections  twice  daily  for  4  to  5  days;  we  be¬ 
gan  treatment  24  hours  after  implantation  and  maintained  injections 
once  daily  for  6  days.  The  strains  of  Ehrlich  cells  used  were  prob¬ 
ably  different,  too,  and  that  of  Seller  and  Benson  could  conceivably 
be  more  responsive  to  increased  cAMP  than  the  one  employed  in  the 
present  study. 

In  a  second  series  of  experiments,  we  investigated  the 
effect  of  the  administration  twice  daily  of  0.2  ml  sterile  solutions 
of  saline,  epinephrine  (5  *  10~5  M ) ,  theophylline  (23.8  mM)  and  epi¬ 
nephrine  plus  theophylline  on  the  rate  of  growth  of  Ehrlich  ascites 
tumours.  The  treatment  schedule  was  designed  as  follows:  24  hours 
after  implantation  of  2.5  million  tumour  cells  into  the  peritoneal 
cavity  of  healthy,  4  to  6  week  old  ICR  mice  (20  to  25  g),  treatment 
was  begun  and  repeated  every  12  hours  until  four  injections  had  been 
made.  The  mice  were  then  left  undisturbed  for  36  hours  after  which 
time  cellular  material  within  the  peritoneal  cavity  of  all  mice  was 
determined.  Packed  cell  volume  (ml)  was  used  to  assess  cellular 
material  present  in  the  ascites  tumours.  The  results  are  summarized 
in  Table  6. 

It  is  evident  from  Table  6  that  mice  subjected  to  the  com¬ 
bined  treatment  of  theophylline  and  epinephrine  bore  fewer  tumour 
cells  than  did  mice  administered  saline,  epinephrine  alone  or  theo- 
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total  cellular  material  present  within  the  peritoneal  cavity  of  the  mice  was  extracted, 
centrifuged  at  1500y  for  5  min  in  a  clinical  centrifuge  and  packed  cell  volume  was  determined. 
Results  are  expressed  as  means  ±  S.E. 


phyl line  alone.  The  mice  subjected  to  the  combined  treatment  bore 
only  60%  of  the  mean  number  of  cells  present  in  the  saline-treated 
group.  Epinephrine  or  theophylline  alone  had  no  effect  on  tumour 
size  expressed  in  the  form  of  pooled  data  (means  ±  S.E.). 

We  have  plotted  the  group  distributions  of  the  packed 
tumour  cell  volume  per  mouse  for  each  group  (Figure  19).  Class  in¬ 
tervals  of  0.4  ml  were  chosen:  Figure  19  plots  the  midpoint  of  each 
class  against  the  fraction  of  the  total  number  of  mice  from  each 
group  bearing  packed  cell  volumes  corresponding  to  the  respective 
classes.  Just  as  the  mean  packed  cell  volume  for  the  saline-  and 
epi nephri ne-treated  groups  were  very  similar  (Table  6),  their  group 
distributions  were  likewise  very  similar.  The  theophyll i ne-treated 
group,  on  the  other  hand,  displayed  a  group  distribution  that  sug¬ 
gests  the  existence  of  two  different  populations  of  tumour  cells. 

We  suggest  that  the  smaller  packed  cell  volumes  result  from  host- 
tumour  combinations  specifically  affected  by  the  theophylline  treat¬ 
ment  while  the  second  population  exhibiting  larger  packed  cell  vol¬ 
umes  reflects  the  existence  of  host-tumour  combinations  that  display 
an  unaltered  or  slightly  increased  tumour  size  as  a  result  of  theo¬ 
phylline  treatment.  A  similar  bimodal  distribution  was  observed  for 
the  theophyl 1 ine-treated  group  from  the  experiment  reported  in  Table 
5.  In  the  present  experiment,  results  expressed  in  the  form  of  pooled 
data  show  that  the  mean  packed  cell  volume  for  the  theophylline-treat¬ 
ed  group  varied  only  slightly  from  that  of  the  saline-  and  epinephrine- 
treated  groups  (Table  6). 

The  group  distribution  for  the  epi nephrine/theophyl 1 i ne- 
treated  group  displayed  a  pronounced  shift  toward  very  small  packed 


Packed  cell  volume  (ml) 


Figure  19.  Group  distribution  for  the  packed  tumour  cell  volume 
(ml)  per  mouse  for  each  group  from  Table  6.  Class  intervals  of  0.4 
ml  were  chosen;  the  midpoint  of  each  class  (abscissa)  is  plotted 
against  the  fraction  of  the  total  number  of  mice  from  each  group 
(ordinate)  bearing  cellular  volumes  corresponding  to  the  respective 
cl  asses . 


cell  volumes  (0  to  0.4  ml).  However,  tumour  size  in  some  mice  re¬ 
mained  unaffected  by  a  treatment  with  epinephrine  plus  theophylline. 
Similarly,  some  tumours  subjected  to  the  effects  of  cAMP  plus  theo¬ 
phylline  remained  unaffected  by  that  treatment  although  other  tumours 
displayed  reduced  size  (observations  from  the  group  distributions  for 
the  experiment  described  in  Table  5).  Three  main  conclusions  are 
suggested  by  these  findings: 

(a)  theophylline  appears  to  be  the  active  agent  mediating 
the  decreased  tumour  size  observed  in  some  treated  animals. 

(b)  the  combination  of  cAMP  or  epinephrine  with  theophylline 
appears  to  enhance  the  effect  of  the  latter  on  tumour  size;  cAMP  or 
epinephrine  alone  have  no  effect  at  the  doses  studied. 

(c)  the  effect  of  theophylline  alone  or  in  combination  with 
cAMP  or  epinephrine  on  tumour  size  appears  to  involve  the  host  and 
thus  may  not  be  a  direct  carci nostatic  action  on  the  tumour  cells. 

Furthermore,  epinephrine  administered  in  a  dose  which  causes 
a  moderate  but  transient  increase  of  cAMP  content  had  no  effect  on  the 
parameters  determining  tumour  size.  Possibly,  the  increase  in  cAMP 
following  administration  of  epinephrine  alone  is  too  small  or  trans¬ 
ient  to  mediate  an  effect  on  cellular  growth.  However,  when  theo¬ 
phylline  is  included,  the  duration  and  magnitude  of  the  cAMP  response 
to  epinephrine  are  enhanced  and  that  could  explain  the  observed  effect 
of  the  combined  treatment.  However,  the  variable  response  of  different 
tumours  to  the  combined  treatment  can  hardly  be  explained  without  pro¬ 
posing  an  effect  at  the  level  of  the  host. 

Our  findings  do  not  deny  nor  suggest  that  cAMP  plays  a  role 
in  the  regulation  of  Ehrlich  ascites  tumour  growth.  However,  since  the 


effect  of  the  combined  treatments  of  epinephrine  or  cAMP  with  theo¬ 
phylline  seem  to  be  host-dependent,  a  mechanism  involving  an  effect 
of  the  administered  agents  on  the  immunological  response  of  the  gen¬ 
etically  different  hosts  is  possible  and  must  be  borne  in  mind. 

In  the  future,  these  experiments  should  be  repeated.  Al¬ 
though  it  may  appear  more  rational  to  inject  hormones  at  more  fre¬ 
quent  intervals,  such  an  approach  may  be  of  limited  applicability 
due  to  the  following  reasons: 

(a)  the  obvious  technical  problems  involved  in  subjecting 
mice  to  repeated  injections  at  short  intervals  for  prolonged  treat¬ 
ment  periods. 

(b)  the  presently  reported  desensitization  of  the  cAMP 
response  of  Ehrlich  cells  to  repeated  exposures  to  epinephrine. 

We  have  considered  the  use  of  catecholamines  covalently 
bound  to  minute  glass  beads;  such  preparations  have  been  reported  to 
retain  their  biological  activity  (Venter  et  ail.  ,  1972).  However,  it 
is  not  clear  at  present  whether  the  biological  activity  of  such  pre¬ 
parations  is  actually  due  to  hormone  bound  to  the  glass  matrix  or  to 
pharmacological  concentrations  of  catecholamines  leaching  off  the 
glass  beads  (Yong,  1973). 

Preliminary  experiments  have  indicated  that  epinephrine  co¬ 
valently  attached  to  reactive  glass  beads  elevates  cAMP  content  in 
Ehrlich  cells  in  vitro  according  to  the  same  time  course  as  free  epi¬ 
nephrine.  Furthermore,  preliminary  toxicity  studies  have  indicated 

X 

that  large  amounts  of  the  catecholamine  glass  (.2  g)  can  be  implanted 
within  the  peritoneal  cavity  of  mice  without  evidence  of  severe  toxic 
effects  for  periods  up  to  1  week.  However,  the  minute  glass  particles 


have  clumped  and  become  encapsulated  by  the  host's  defense  mechanisms 
within  48  hours  of  their  implantation.  Hence,  this  approach  is  also 
of  limited  applicability  and  the  use  of  "si ow-rel ease"  forms  of  the 
catecholamines  now  seems  to  be  the  most  logical  approach  for  future 
experimentati on . 


